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ABSTRACT
II-VI Type-II Quantum Dot Superlattices for Novel Applications
by
Vasilios Deligiannakis
Advisor: Maria C. Tamargo
In this thesis, we discuss the growth procedure and the characterization results obtained for
epitaxially grown submonolayer type-II quantum dot superlattices made of II-VI semiconductors.
We have investigated the spin dynamics of ZnSe layers with embedded type-II ZnTe quantum dots
and the use of (Zn)CdTe/ZnCdSe QDs for intermediate band solar cell (IBSC). Samples with a
higher quantum dot density exhibit longer electron spin lifetimes, up to ~1 ns at low temperatures.
Tellurium isoelectronic centers, which form in the ZnSe spacer regions as a result of the growth
conditions, were also probed. A new growth sequence for type-II (Zn)CdTe/ZnCdSe (QDs) was
developed in order to avoid the formation of a parasitic strain-inducing ZnSe interfacial layer.
Elimination of the ZnSe interfacial layer allows for simplifications in the fabrication of the IBSC
cell device structure based on these QDs, since different Cd compositions in the buffer layer and
barriers is no longer required to grow stress free structures. Careful consideration was taken during
the initiation of the growth process of QDs by migration enhanced epitaxy, in order to avoid the
formation of the undesirable interfacial layer. The use of CdTe fractional monolayer QDs in a
ZnCdSe host matrix was also explored for potential application in the IBSC device. This
completely eliminated the formation of any interfacial layer, and also allowed for strain

iv

engineering of the QD superlattices. Simple arguments are used following continuum elastic
theory to deduce the size of the dots and the strain within the superlattice from XRD data. This is
further verified using PL and used in the energy calculations that yield the values of the
intermediate band energy. The results suggest that the optimized materials are highly suitable for
these high efficiency solar cells.
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Chapter 1
Introduction

1

1.1 Motivation
Since its proposal by Richard Feynman in his famous lecture “There's Plenty of Room at
the Bottom: An Invitation to Enter a New Field of Physics” [1], nanotechnology has become a
major facet of state-of-the-art technology. Progress in fabrication of semiconductor
heterostructures at the ‘nano’ scale has opened numerous opportunities both for fundamental
research and for new applications, giving rise to novel optoelectronic devices. Quantum wells
(QWs), nanowires (NWs), quantum rings (QRs), and quantum dots (QDs) are among the most
important building blocks of the heterostructure-based devices as these lower dimensional
structures are capable of modifying the density of states and band alignments of the
semiconductors which can be engineered as per requirement.
In particular, QDs systems are of interest due to their tunable optical properties and
prospective applications [2]. Here we report the growth and characterization of ZnxCd1xTe/ZnxCd1-x

Se type-II submonolayer QDs formed by migration enhanced epitaxy (MEE). By

using a combination of molecular beam epitaxy (MBE) and MEE, the QDs are grown without the
formation of wetting layers. For ZnxCd1-xTe QDs embedded in ZnxCd1-xSe barriers, the
photogenerated holes and electrons are localized within the QDs and in the barriers, respectively,
leading to relatively long carrier lifetime, which is key to improvements in device performance.
The ZnTe/ZnSe based type-II QD system studied here has prospects in quantum information
related applications. In recent years there has been intense interest in manipulating electron and
hole spin states in semiconductor QDs for application in spintronics and quantum information
processing. These effects have been reported for electrons in several material systems [3]. For roles
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Table 1.1 List of potential q-bits and their relevant parameters.
confined in QDs, theoretical studies have predicted that its spin-flip time can be even longer
than that of confined electrons making them potentially attractive as qubits [4].
The necessary requirements for a qubit to be of a practical basis for a quantum computer
were discussed by David DiVincenzo [5]. These requirements are:
1) A scalable physical system with well characterized qubits,
2) The ability to initialize the state of the qubits,
3) Decoherence times much longer than the gate operation time,
4) A universal set of quantum gates, and
5) A qubit-specific measurement capability.
There are many prospective qubit candidate systems under investigation, from single photon
emitters to trapped ions [6, 7, 8]. Each system has its own advantages and disadvantages within
this set of criteria, and there is no clear front runner. Table 1.I lists some of the potential qubit
systems and their properties:
ZnSe based semiconductors are particularly appealing and have also been recently explored
for this purpose [9, 10, 11]. In contrast to their III–V counterparts [12], II–VI based semiconductors
have the advantage of having a low abundance of spin 1/2 nuclear spins and reduced hyperfine
coupling. In chapter 3 of this thesis, we report on the electron spin dynamics of the ZnTe/ZnSe
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QD superlattice system. Our results indicate that significantly longer electron spin lifetimes are
achieved, upto 1 ns, in the samples with larger densities of ZnTe QDs. As a consequence of the
growth mechanism, tellurium isoelectronic centers (Te-ICs) also form within the ZnSe matrix.
This is of interest as it has recently been shown that a hole-spin bound to a single Te impurity in a
ZnSe host to can be initialized with sufficiently high fidelity [13].
Another potential application of these materials stems from the fact that by embedding
QDs within a wide band gap semiconductor, a mid-gap energy band can be formed [14].This is
one way of overcoming the Shockley-Queisser limit for single junction solar cells, known as
intermediate band solar cells IB-SCs [15].Type-II Zn(Cd)Te/ZnCdSe submonolayer QDs have
been previously explored by our group for their promising properties as IB-SCs [16, 17, 18]. The
ZnCdSe host material when lattice matched to InP has an energy bandgap of ~2.1 eV in which the
ZnCdTe QDs can form an intermediate band with an energy 0.5 – 0.7 eV above the valence band
edge. The similarity of these parameters with those required for an ideal IB-SC makes this material
system an outstanding candidate for this application. However, due to the lack a common anion
in the materials involved an unintentional and undesirable interfacial layer (IL) is formed. In
chapter 4 of this thesis, we explore the mechanism for the formation of the IL and report the results
of a modified growth shutter sequences that can suppress its formation, allowing for better control
of the QD intermediate band. In chapter 5 we investigate the growth and properties of a new typeQD material system, CdTe QDs in a ZnCdSe matrix, and demonstrate its potential as a truly ideal
material system for IB-SCs.
Within the MBE growth technique, the properties of these materials can be manipulated
for the formation new materials with tailored properties for the desired applications. The large
number of growth parameters that can be independently controlled, and the low temperature
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growth conditions allow for the manipulation of dot size, chemical composition and doping levels.
Yet, unexpected and sometimes undesirable phenomena that can occur during growth can interfere
with the controlled growth of QDs with uniform size distribution and precise physical properties,
making it challenging to find the correct set of growth parameters. Understanding the detailed
growth of these materials and optimizing their properties was the main undertaking of this thesis.

1.2 Spintronics
1.2.1 Introduction
Spintronics aims to the use the spin degree of freedom of charge carriers to extend to the
domain of semiconductor electronics [19]. Rather than the traditional use of carrier charge to
convey information, the carrier’s information could be encoded through their spin. The
manipulation of spin-based systems has been proposed as an opportunity for the development of
novel computational and information-storage devices [20, 21]. One of the early triumphs of
spintronics is the Giant-Magneto-Resistance (GMR) effect, which has revolutionized data storage
[22]. The possibility of realizing a quantum-based computer to solve and simulate quantum
interactions more efficiently was famously outlined by Richard Feynman as early as 1981 [23].
The basic building blocks of quantum information is a two-level system, where one state
represents the value 0 and the other state represents the value 1[24]. A common example of a twolevel system is the spin ½ system of electrons. It is possible to write such a state in terms of angles
θ and φ, Eq. 1.1, accounting respectively for the mixing and phase between the spin up and down
states:
𝜓𝜓⟩ = 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃⁄2)+𝑒𝑒 𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃⁄2)

Eq. 1.1

5

Figure 1.1 Schematic of a Bloch sphere. Each point on the surface of the sphere (Bloch vector)
denotes a specific superposition state of the eigenstates |0⟩ and |1⟩ or an average polarization of an
ensemble of spins.
An infinite number of possible superposition states exist and can be represented on the
surface of the so-called Bloch sphere presented in Figure 1.1. The coordinate φ refers to the phase
of the qubit and θ can be thought as its coherence.

1.2.2 Optical orientation in semiconductors
Although most semiconductors are intrinsically non-magnetic a nonequilibrium
distribution of carrier spins can be accomplished by optical excitation with circularly polarized
light. The optical orientation of charge carriers has been extensively studied both theoretically and
experimentally in III-V and II-VI semiconductors [25, 26]. A closer look at the band structure of
zinc blende semiconductors will help illuminate their optical selection rules. The bandgap Eg is
the lowest energy difference between the conduction band (CB) and the valence band (VB), an slike orbital wavefunction describing electrons in the CB and p-like orbital wavefunction in the VB.
The total angular momentum is given by Eq. 1.2, 𝐽𝐽, and is a combination of the orbital, ℓ, and spin

components 𝑚𝑚𝑗𝑗 ,

𝐽𝐽 = ℓ + 𝑚𝑚𝑗𝑗

Eq. 1.2
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Since, ℓ = 0 for s-like states, and ℓ = 1 for p-like states, with the spin quantum numbers

𝑚𝑚𝑗𝑗 = 12 in both cases, the total angular momentum 𝐽𝐽 for an s-orbital, 𝐽𝐽 𝑠𝑠 = 12 and for a p-orbital 𝐽𝐽 𝑝𝑝

= 32 . Figure 1.2a shows the band structure for typical zincblende semiconductor. For the materials

studied in this thesis the Eg is at the Γ-point, the center of the Brillioune zone. The top of the VB
is split into two different sub-bands due to different effective masses for holes. The inverted
parabolic sub bands of the VB with different curvature are further separated into sub-states of
different angular momentum, 𝑚𝑚𝑗𝑗 = ± 12 and 𝑚𝑚𝑗𝑗 = ±

3
2

for light and heavy holes, respectively. A

second split-off band is formed in the VB due to spin-orbit coupling with a total angular
momentum of 1/2. Optical excitation follows the dipole selection rules for interband transitions
for this zinc-blende crystal structure. The allowed optical transitions are shown in the Figure
1.2(b), which are determined by the selection rule [27] stated in Eq. 1.3:
Δ𝑚𝑚𝑠𝑠 = 𝑚𝑚𝑓𝑓 − 𝑚𝑚𝑖𝑖 = 1

Eq. 1.3

Figure 1.2 (a) Band-structure of ZnSe around the Γ point. HH and LH denote the heavy hole and
the light hole, respectively. HH (orange line) denotes the heavy hole band, LH (blue line) the light
hole band, SH (green line) the split-off hole and CB the conduction band. Eg is the band gap
separating the CB from the valence bands (HH and LH), where the third valence band, the SH band
is split-off from the other two due to spin-orbit interaction with the LH band (energy difference
∆SO, marked by the red arrow).(b) The optical selection rules of a bulk crystal with zinc blende
structure. HH (solid lines) and the LH (dashed lines) transitions optical selection rules, where right
circularly polarized light (σ +) is denoted by green lines and left circularly polarized light (σ −) by
orange lines.
7

1.2.3 Decoherence
Within condensed matter physics, terms such as spin decoherence, dephasing, and
relaxation, apply to many physical systems [28, 29]. Spin coherence can be characterized by two
different time scales: T1, the longitudinal and T2, the transverse spin order. In the context of
semiconductors, optically excited electron spins via circular polarized light create an imbalance of
spin population. For example, in the presence of a magnetic field (along the growth direction,
Faraday geometry) spin relaxation can occur from the upper to lower Zeeman-split levels. T1 refers
to the spin imbalance relaxation to equilibrium through an energy transfer process. The time to
spontaneously flip to a more energetically favorable state by releasing energy sets the upper limit
for a measurement. The intrinsic decoherence time T2, is the time in which the quantum phase
information is lost. In this process, there is no change in the energy of the population or occupation.
An example of dephasing is electrons spins in the presence of a magnetic field in the Voigt
geometry (perpendicular to the growth direction). A Larmor precision of the electron occurs and
T2 is the measure of time for coherent precession of the spin before some scattering event changes
its phase. T2 denotes the relaxation of the spin components transverse to the field, i.e., spin of a
single electron, while T2* denotes the spin relaxation of the spin ensemble considering the
inhomogeneous broadening of the electron g factor. T2*is measured in the samples studied in this
thesis using TRKR as reported in chapter 3.

1.2.4 Relaxation Mechanism
There are several relaxation mechanisms that lead to loss of coherence. Here we
introduce some of the important relaxation channels in semiconductors.
In the Elliot-Yafet (EY) mechanism, electron spins relax via momentum scattering events.
At each scattering event of electrons with impurities or phonons, there is a probability of a spinflip
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[30]. The electrical field, accompanying lattice vibrations, or the electric field of charged
impurities is transformed to an effective magnetic field through a spin–orbit interaction. Thus,
momentum relaxation should be accompanied by spin relaxation.
The Dyakonov-Perel (DP) mechanism is present in semiconductor crystals that lack bulk
inversion symmetry (BIS) [31, 32]. An effective magnetic field originates from the spin-orbit
interaction affecting the dynamics of the electron spin, such as the case for zinc blende crystal
structures studied in this thesis. Systems without BIS can lead to a splitting of the conduction band
into spin up/down due to spin-orbit coupling. The splitting acts on the electrons as if an internal,
k-dependent magnetic field would be present. If frequent changes in the electron wave-vector
occur due to scattering from impurities or phonons, the field arising from the spin-orbit coupling
would fluctuate, leading to spin relaxation.
In the Bir-Aronov-Pikus (BAP) mechanism [33], electrons scatter with holes and the dephasing is
mediated by the electron-hole exchange interaction. This is a mechanism of spin relaxation of nonequilibrium electrons in p-type semiconductors due to the exchange interaction between the
electron and hole spins. This spin relaxation rate, being proportional to the number of holes, may
become the dominant one in heavily p-doped semiconductors. Figure 1.4 illustrates the three
electron spin relation mechanisms described below.
Finally, in the Hyper-Fine (HF) mechanism [28], the combined random magnetic moments of
nuclei lead to a fluctuating magnetic field experienced by localized or confined electrons. The HFmechanism is weak for bulk semiconductors in comparison to EY and DP. It is, however, an
important mechanism for single-spin decoherence of localized electrons, ie. electrons confined in
quantum dots or bound to donors. For these electrons, the DP mechanism is suppressed, leading
to very large spin relaxation times.
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Figure 1.3 (a) The Elliot–Yafet mechanism: An electron undergoes many collisions with
impurities and phonons, undergo a spin-flip. (b) Dyakonov–Perel mechanism: In semiconductors
without center of symmetry, the spin-orbit coupling is equivalent to a momentum-dependent
effective magnetic field. Following scattering by an impurity, the momentum is altered and the
effective field changes with it. (c) Bir–Aronov–Pikus mechanism: an electron exchanges spin
with holes, and the hole's spin then relaxes very fast.
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Figure 1.4 (a) A basic structure and working of an IB-SC consisting of an IB material sandwiched
between p- and n-type semiconductors; here EG is the total band gap, whereas EL and EH
represent the sub-bandgaps. (b) The plot showing limiting efficiency for single-gap SC and IBSC as a function of EH and EL.

1.3 Photovoltaics
1.3.1 Introduction
A solar cell is a p-n junction illuminated by solar radiation [35]. When electrons and holes
are generated by absorption a current is produced. A photovoltaic device is made up of
semiconductor material that on one side is made up of positively doped material producing an
excess of hole carriers while the other side is negatively doped material with excess electrons,
forming a p-n junction. When the materials come into contact, the majority carriers: holes from
the p‐doped side and electrons from the n‐doped side, diffuse across the junction and recombine.
This leaves negatively charged ions at the edge of the p-type region and positively charged ions in
the n-type region. The electric field created as a result of these ions opposes the diffusion of holes
from the p-type region and electrons from the n‐type region. Eventually, equilibrium is reached,
and the Fermi levels of both sides align [36, 37, 38].
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Figure 1.5 Scanning transmission electron microscopy image showing degradation of material
quality due to accumulated strain and the formation of dislocations [42].

1.3.2 The intermediate band solar cell (IB-SC) concept
As early as 1960 Wolf proposed the use of energy levels situated in the forbidden gap of
semiconductors to increase solar cell efficiency. The efficiency is increased by absorbing photons
of energy below the bandgap. The basic principle is shown in Figure 1.6(a) [39]. In 1997 Luque
and Marti presented a detailed theory on how introducing an intermediate energy level within a
semiconductor band gap will increase the efficiency of solar cells significantly [15]. They showed
that if absorption of below band gap photons is enhanced, without significant reduction in the open
circuit voltage. Up to 63% efficiency under full concentration can be achieved as seen in Figure
1.6(b).
In a basic IB-SC, a material containing an IB is introduced between conventional p- and ntype semiconductors. This ensures that the IB is not in direct contact with external electrodes, and
thus only the -n and -p type regions act as selective contacts for electrons and holes, respectively.
The IB divides the total band gap in two sub-band gaps as shown in Figure 1.6(a). Hence, under
solar illumination, two-step photon absorption from the valence band (VB) to the IB and then from
the IB to the conduction band (CB) becomes possible, in addition to the conventional VB to CB
absorption (inter-band). Since the process of inter-band carrier relaxation is much slower than that
12

of the intra-band carrier relaxation involving the IB, separate quasi-Fermi levels are associated
with each of the bands. The output voltage is given by the split between electrons and hole quasiFermi levels; thus this voltage is still limited by the total band gap.
In the early generations of IB-SC the well-established InAs/GaAs QD system was selected
as a proof of concept [40]. Although there was a reported increase in the short circuit current and
clear evidence of two-step photon absorption, there was significant reduction of the open circuit
voltage (Voc). This ultimately limited the efficiency of IB-SC, never surpassing their single
junction reference cells. Several problems have been discovered with this initial design, which
pointed to as possible solutions [41, 42, 43]:


The devices are typically only effective at low temperatures as they are prone to

thermal escape.


The use of QDs increases non-radiative recombination, which decreases sub-bandgap

performance.


Increasing the amount of QD layers can improve sub-bandgap performance, but also

increases the lattice strain on the device.
Samples consisted of QDs grown by the Stransky-Krastanov (SK) method. This is a strain
driven process whereby an initial “wetting layer (WL)” is deposited coherently on to a substrate
with a smaller lattice parameter. The large compressive strain results in the formation of strain
relieving nanostructures, or QDs, typically with a pyramidal shape. This occurs for materials with
a mismatch above +2% and a resulting WL thickness of 1.5~3 ML. Since these QD layers must be
repeated many times to achieve significant absorption, the WL formed with each QD layer leads
to accumulation of strain that can propagate through the device and the strain will lead to strain
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relieving defects such dislocations greatly reducing device performance. This is illustrated in
Figure 1.7 in the work published by Marti et al.[42].
The type-I band alignment between the InAs QDs and the GaAs matrix material leads to
fast recombination time through auger recombination. The lifetime of carriers has to be long
enough for them to be separated by the internal bias formed under illumination. Also, the presence
of the InAs wetting layer can lead to thermal escape of the confined electrons within the QDs
ultimately lowering the Voc. The type-II Zn(Cd)Te/ZnCdSe submonolayer QDs proposed in this
thesis offer many advantages over the InAs QDs discussed above for the formation of the IB.
Since the formation of these II-VI based QDs occurs via a Volmer-Weber (VW) growth mode
there is no formation of a wetting layer. In this case the cohesive force is stronger than the surface
adhesive force, leading to the formation three-dimensional islands before a wetting layer can be
formed. The type-II band alignment between the dots and the spacer regions also ensure long
carrier lifetimes [44].
However, challenges arise during the growth of these materials due to the lack of a common
anion, as well as Cd desorption during the MEE growth of QDs. Typically, due to these
phenomena, an unintentional ZnSe interfacial layer (IL) is formed at the interface of the ZnCdSe
spacer material and the QDs, causing high tensile strain [45] and distorting the band structure. In
chapters 4 and 5 of this thesis, we explore different methods attacking this problem with an
optimized shutter sequence, and subsequently, with the demonstration of a new material system,
that of CdTe QDs, which eliminates the IL formation and provides additional benefits.
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1.4 Outline of this thesis
The contents of this thesis are arranged in the following manner:
In chapter 2 we introduce the growth procedure of MBE employed in our experiments, as
well as the experimental techniques used to monitor the growth, characterize the samples and
investigate the physics of the materials. To illustrate these characterization techniques epilayers of
grown ZnSe layers on GaAs substrates were used throughout the chapter.
In chapter 3 we present on the growth and characterization of ZnTe/ZnSe SL QDs in order
to investigate their spin dynamics. Characterization of the spin dynamics is accomplished by the
time resolved Kerr rotation (TRKR) technique. Spectral and temperature dependent results are
presented. It was found that spin relaxation lifetime depends on quantum dot density, where
samples with highest quantum dot density showed the longest lifetimes at all temperatures.
In chapter 4 we identify the mechanisms of the formation of an unintentional and
deleterious IL at the ZnCdTe/ZnCdSe interface during the MBE growth process employed. A new
shutter sequence is devised to suppress this IL formation. The new shutter sequence reduces the
substitution of Cd by Zn and the Cd desorption during the MEE sequence. The structural properties
are characterized by XRD analysis, whereas the optical properties of the samples are studied by
intensity dependent PL.
In chapter 5 we propose and demonstrate a new material system based on CdTe QDs
embedded in ZnCdSe barriers, for the use in the formation of an IB. We show that in this material
we can effectively eliminate the formation of the IL completely. A study of the QD size and strain
is presented using HR-XRD which allows to predict the QD size and composition needed to obtain
the desired IB energy. The optical properties of the material are characterized using PL and CER.
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In chapter 6 a summary of the key outcomes of this research is presented, and future
directions are proposed. Initial steps toward the demonstration of a prototype IB-SC device are
also presented.
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Chapter2
Experimental Methods
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2.1 Epitaxial Growth
2.1.1 Molecular Beam Epitaxy (MBE)
Of the various crystalline thin film growth methods available, molecular beam epitaxy
(MBE) affords the most control and versatility and allows for the growth of high-quality ultrathin-film materials. Its low temperature, non-equilibrium conditions also enable the growth of
dissimilar materials and abrupt and well-defined interfaces. Since its inception nearly 50 years
ago many breakthroughs in condensed matter physics, electronics and material science have come
to light, enabled by this technology [46]. Since its early days in the 1960s, MBE has also been at
the forefront of basic research related to the study of interfaces, heterostructures, superlatttices
(SLs) and novel alloys, as well as research related to the fundamental studies of dopant
incorporation and activation [47, 48].
Experimental Details:
A schematic of a typical MBE chamber is shown in Figure 2.1. High purity elemental
sources (6N) are used and are evaporated or sublimated using effusion cells within an ultrahigh
vacuum chamber (UHV). The UHV chamber is equipped with liquid nitrogen cooled cryo-panels
that are used to achieve very high vacuum levels (10-11 torr). Automated shutters located in front
of the effusion cells are used to control the growth layer composition and create new
heterointerfaces. The effusion cells are arranged in a geometry by which the evaporated beams
overlap at the location of the substrate, allowing them to mix at the substrate surface, and rotation
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(a)

(b)

Figure 2.1 (a) Schematic of II-VI MBE system (adapted from Ref. [47]). (b) Schematic diagram
of MBE process (adapted from Ref. [48]).

of the substrate ensures uniform growth. A heater behind the substrate controls the substrate
temperature and is used to create the specific growth conditions that enable crystal ordering.
The success of MBE is largely due to the versatility and simplicity of its operating
principles. The work detailed within this thesis was performed on a dual Riber 2300 P system,
shown in Figure 2.2. Samples are shuttled between two chambers, one dedicated to III-V materials
growth and the other to II-VI materials growth connected by an UHV track. Substrates are initially
introduced to the system from atmosphere via a loading chamber that isolates the rest of the system
by a gate valve.
For the growth of II-VI-based structures, ultra-clean, polished, and high quality “epi-ready
substrates” are initially prepared within the III-V chamber. For this, their surface is exposed to an
Arsenic flux used to protect the surface as they are heated during the oxide desorption process
[49]. A native oxide is removed at ~590 °C for GaAs substrates, subsequently a ~ 200 nm GaAs
buffer layer is grown at 580 °C. In situ reflection high energy electron diffraction (RHEED) is
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Figure 2.2 Picture of the Riber 2300PMBE system in our lab.
used to monitor the oxide desorption and growth process. A streaky (2x4) RHEED pattern is
observed during the GaAs growth under Arsenic rich conditions. Details of the RHEED technique
will be given later in this chapter.
The growth conditions for GaAs are well established and documented in the literature [50].
In the case of InP substrates a similar treatment is used. Careful attention is placed during the oxide
desorption process since P loss occurs more readily on this surface, and there is no Phosphorus
source within the III-V chamber. While slowly heating the substrate under an Arsenic flux, the
oxide desorption is ensured by the transformation of the RHEED pattern first from amorphous to
a (2x4) As-stabilized surface, and then to a (4x2) In-terminated one. The change to a (4x2) RHEED
pattern is indicative of an Indium rich surface ensuring full desorption of the oxide layer. At this
point, the temperature is quickly dropped to recover an Arsenic terminated surface and a (2x4)
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Figure 2.3 Schematic of the different processes that can occur during film growth by MBE [52].

pattern that reemerges. Subsequently a buffer layer of lattice matched InGaAs is grown to smooth
the surface and promote well-ordered and high quality heteroepitaxy at the III-V/II-VI interface.
After the growth of III-V buffer layer, terminated by an As-rich (2x4) surface, the sample is
transferred to the II-VI chamber via the UHV track. Through the development of the II-VI
blue/green diode laser it was found that the II-VI/III-V interface is critical for long lasting device
performance [51]. The formation of stacking faults has been found to originate at Ga-Se bonds
and can be greatly reduced by ensuring an Arsenic termination. A low temperature treatment of
Zinc exposure on the Arsenic terminated III-V interface before the start of the II-VI layer growth
has also been shown to improve the layer quality. To further improve the II-VI/III-V interface, a
low temperature buffer of the II-VI material is grown at ~ 200 C) to suppress any intermixing
between the II-VI layer and the III-V material below [53]. Finally, the growth temperature is raised
to the optimal II-VI material growth temperature (~300 C), and the II-VI material growth is
completed.
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2.1.2 MBE Growth Processes
In conventional MBE, during epitaxial growth all elemental sources for an alloy of interest
are typically co-deposited, allowing the compound to form at the substrate surface. A number of
processes could occur when atoms or molecules arrive to the surface and can be summarized by
a) adsorption of the evaporated atoms or molecules impinging on the surface; b) surface diffusion
and dissociation of the adsorbed atoms; c) atoms arrangement into the crystal lattice; and d)
thermal desorption of the species not incorporated into the lattice. A schematic of the main process
is shown in Figure 2.3. The adsorbed molecules or atoms initially combine to reach a critical size
and then become stable 2-dimensional clusters of atoms on the substrate eventually forming full
layers. Other variations of the growth process have been devised and implemented to improve the
crystal quality or when very flat and abrupt interfaces are of great importance for the quantum
structures. The atomic layer epitaxy (ALE) technique has been shown to be very effective. ALE is
done by exposing the substrate to alternate molecular beams for short periods of time while the
other elemental source shutters are closed [54]. These atomic beams react with the surface of a
material one at a time in a sequential, self-limiting, manner. Through the repeated exposure to
separate molecular beams, a thin film is slowly deposited. The relatively high substrate
temperature results in re-evaporation from the surface of any loosely bonded atoms.
The growth technique known as migration enhanced epitaxy (MEE) can be implemented
to assist with the diffusion with adatoms on the surface. Similar to ALE, molecular beams are
alternated with the addition of short breaks with no deposition taking place between the opening
and closing shutters, as illustrated in Figure 2.4 [55]. This allows for the atoms that come to the
surface to diffuse and find lowest energetically stable bond before being exposed to the alternate
material. This growth mode has been employed extensively when fractional monolayer coverage
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is desirable. This will be further expanded upon as it is a key component in the formation of submonolayer quantum dots that are studied within this thesis. A graphical representation below
shows the different shutter sequences used for the various growth techniques.

Figure 2.4 Shutter sequence used in MBE, co-deposition of materials A and B occur during the
growth of layer, where in the case alternating between materials A and B with short wait times in
between are used to assist with the growth of a layer.

2.2 Reflection High Energy Electron Diffraction
Reflection high-energy electron diffraction (RHEED) is a useful in situ technique used to
monitor the growth of the epilayer surface in real time [56, 57]. RHEED patterns are generated
from accelerated electrons (10 - 35 keV range) that weakly interact with the surface and are
orientated at a glancing incidence (3o or lower) with respect to the substrate. At these very low
angles the electron beam diffracted by the surface of the substrate penetrating only the top few
atomic layers of the material [58]. The diffracted beam is detected by a phosphor screen placed
opposite the source of the electron gun that reveals the RHEED pattern. The diffraction pattern
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Figure 2.5 Schematic diagram of a reflected high energy electron diffraction (RHEED).

that forms depends on the atomic arrangement, flatness and the orientation of the crystallographic
planes of the surface. A schematic of the setup is shown in Figure 2.5.
The principles of RHEED can be understood by elastic scattering of electrons of a 2-D
reciprocal space lattice. We first consider the wavevectors 𝒌𝒌𝑖𝑖 and 𝒌𝒌𝑓𝑓 of the incident and diffracted

beam. The difference of 𝒌𝒌𝑖𝑖 and 𝒌𝒌𝑓𝑓 gives rise to resultant scattering vector 𝑮𝑮, all possible

diffraction points are geometrically represented by the Ewald sphere, shown in the figure below.

The conditions that the scattering vector must satisfy are given by the Laue equations: 𝒂𝒂 ∙ ∆𝒌𝒌 =

𝟐𝟐𝝅𝝅𝝅𝝅, 𝒃𝒃 ∙ ∆𝒌𝒌 = 𝟐𝟐𝟐𝟐𝟐𝟐, 𝒄𝒄 ∙ ∆𝒌𝒌 = 𝟐𝟐𝟐𝟐𝟐𝟐. Where 𝒉𝒉, 𝒌𝒌 and 𝒍𝒍 must be integer values and are called Miller
indices. In the case of reciprocal lattice of a bulk crystal a series of points along the Ewald sphere

consist of a set of periodic points in three-dimensional k-space. For electrons interacting with only
a 2-D “atomic net” the direction normal to the surface is undefined, thus the surface in reciprocal
space is represented by a series of infinite rods perpendicular to the sample surface. The RHEED
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Figure 2.6 Typical (2x1) RHEED reconstruction pattern during the growth of ZnSe epilayer on
GaAs [59].
conditions for diffraction are satisfied wherever these reciprocal lattice rods intersect with the
Ewald sphere.
The diffraction pattern that arises from the surface during the MBE growth process is due to
surface reconstruction of adatoms. The formation of dimers occurs along the surface to satisfy
dangling bonds. Typically, under Arsenic rich growth conditions, the III-V surface reconstruction
will lead to RHEED pattern that has (2x4) pattern, from the so called “missing dimer” surface
reconstruction. This is seen as a series of streaks with 2-fold symmetry along the [011] direction
and a 4-fold symmetry along the [01� 1] [60]. The RHEED pattern can change as it is sensitive to
how much Arsenic flux arrives to the surface and the growth temperature of the substrate, other

GaAs (001) RHEED patterns such as a c(2x8) or c(4x4) are seen under different growth conditions.
Analogously, under group-III rich growth conditions surface reconstructions leads to (4x2) or
c(8x2) reconstructions [60].
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(a)

(b)

Figure 2.7 (a) Ewald construction showing condition for constructive interference top view. (b)
Side view of RHEED showing formation of intensity maxima at the screen due to intersection of
Ewald sphere with reciprocal lattice rods.

During the II-VI material growth under Se-rich conditions a two-fold pattern along the [110]
azimuth, while along the [11� 0] direction we see an unreconstructed (1-fold) pattern, resulting in a

(2x1) surface reconstruction shown in Figure 2.7. This (2x1) reconstruction is typical for a Se rich
(001) ZnSe surface. While for the II-VI surface grown under group-II rich conditions, a c(2x2)

reconstruction is observed. Thus, the surface reconstruction pattern gives us information about the
chemical termination of the surface that is present during growth [61].
If the growth becomes three-dimensional nature of the RHEED pattern will no longer have
long narrow streaks but rather become spotty as the electron beam is probing the bulk crystal in
that case. This occurs during the formation of quantum dots grown by the SK method [62].
Monitoring the temporal change of intensity of the main specular spot is a useful method to
determine the growth rate in real time, which can help determine the overall layer thickness and
alloy composition [63]. In the typical “layer by layer” growth mode of MBE, a complete
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monolayer would have the strongest reflected intensity. During the nucleation of the subsequent
layer the rougher morphology of the incomplete layer would dampen the specular spots intensity
and not recover until a complete layer is finished. The periodic dampening and recovery are known
as RHEED oscillations, shown in Figure 2.8.
When the layers are in the process of forming, the surface is only partially covered and these
scattering centers diffuse the beam, therefore decreasing the intensity of the specular spot. An
intensity oscillation from a maximum to the next maximum indicates the formation of a full
monolayer (ML). A direct growth rate in ML/s can be obtained from the oscillations plot. A period
of the intensity oscillations of the specular diffraction spot corresponds to the time required to
grow exactly 1ML of crystal over a broad range of growth conditions. The lattice constant is either
known (binaries) or approximated (lattice match to substrate) then the growth rate in is µm/h or
nm/s.

2.3 High Resolution X-Ray Diffraction
High resolution X-Ray diffraction (HR-XRD) is a powerful technique for the characterization of
thin films grown by MBE. HR-XRD is a nondestructive technique that employs an X-ray

Figure 2.8 (a) Time evolution of reflected high energy electron diffraction (RHEED) intensity
used to determine roughness from the oscillation period and roughness of the oscillations. The
different steps indicate the different points in time of the formation of a single monolayer. (b)
RHEED oscillation data of ZnSe low temperature buffer layer grown.
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monochromatic source in which the wavelength of light (usually Cu Ka at 1.5406 Å) is of the same

order of as the interplanar spacing of the crystal. It can provide information about the crystal
structure, lattice constant, composition, thickness and strain within multilayers. The overall quality
of the material can be ascertained as well, from inhomogeneities, dislocations, misorientation,
mosaic spread and curvature.
In this work a Burker D8 discover with a da Vinci configuration was used. X-ray sources
are produced by the acceleration of electrons onto a copper target. A series of X-ray optics are
placed in front of the source so as to collimate and monochromate the light source. A silicon crystal
is used to remove the secondary excitation of X-rays, Kα2, it is aligned in such a way that allows
for only Kα1 to pass. A variable slit and collimator can be chosen depending on the measurement
to shape the beam.
Simple arguments can be made to understand X-ray diffraction by the reduction of the Von
Laue conditions into a special case know as Bragg’s Law [64]. Bragg diffraction is satisfied when
incident X-rays upon a crystal scatter from interatomic planes and constructively interfere,
illustrated in the Figure 2.9. The path difference between two waves undergoing constructive
interference is equal to the integer multiple of the wavelength to preserve the phase of incident and
scattered waves, Eq. 2.1:
2𝑑𝑑ℎ𝑘𝑘𝑘𝑘 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑛𝑛𝑛𝑛

Eq. 2.1
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Figure 2.9 Schematic diagram of Bragg diffraction from a crystalline sample.

where 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 , is the interplanar distance and is defined by 𝑑𝑑ℎ𝑘𝑘𝑙𝑙 =

𝑎𝑎

(ℎ 2 +𝑘𝑘 2 +𝑙𝑙 2 )1/2

. Here, a is the lattice

constant h, k, l are the miller indices, θ is the scattering angle and 𝜆𝜆 is the wavelength of radiation.

A diffraction pattern can be plotted as a function of the scattering angle and the measured intensity.
The substrates studied here are oriented along the (001) direction. By performing 2θ−ω scans of
a symmetric reflection the out-of-plane lattice parameter can be ascertained. Small changes the
crystal composition of an alloy can lead to a lattice mismatch between the epi-layer and the
substrate, which can be easily measured by this technique. In our case we prefer to measure along
the (004) direction, which measures the perpendicular lattice parameter for the substrates studied
here [GaAs (001) and InP (001)].
By performing asymmetric refection either along the (113) or (224) orientations depending
on the geometry of the goniometer, information can be obtained about the in-plane lattice
parameter by the relationship of Eq. 2.2:
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Figure 2.10 HRXRD 2θ−ω curves for all the samples along (a) (004) and (b) (224) reflections for
epi-layers of ZnSe grown on GaAs (001).

𝑎𝑎∥2 =

8
( 21 − 21 )1/2
𝑑𝑑
𝑑𝑑
224

Eq. 2.2

004

An example of a typical XRD analysis for two samples of ZnSe grown on GaAs (001)
substrates is presented here.

Figure 2.10(a) shows HR-XRD plot of the symmetric Bragg

diffraction peaks for both samples, A3330 and CDI 55, along the (004) direction. Although they
have the same composition, the Bragg diffraction peaks assigned to the ZnSe layers are in different
positions. From this scan, the out-of-plane lattice parameters for A3330 and CDI 55 are calculated
to be, 𝑎𝑎⊥ = 5.668 Å and 5.686 Å , respectively. The asymmetric scan along the (224) direction is

shown Figure 2.10(b). Using Eq 2.2 the in-plane lattice parameter is calculated to be 𝑎𝑎∥ = 5.668 Å

for A3330 and 𝑎𝑎∥ = 5.653 Å for CDI 55. The value for CDI 55 is equivalent to that of the lattice

constant of the GaAs substrate indicative of coherent epitaxy.
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Under these conditions the ZnSe layer in CDI 55 is under compressive strain with respect
to the GaAs substrate, 𝑎𝑎⊥ > 𝑎𝑎∥ . ZnSe (5.668A) has a larger lattice constant than that of GaAs

(5.6532A). Thus, when a ZnSe epi-layer grows coherently to the substrate it is said to be
pseudomorphic. It is not until a critical thickness is reached that strain relaxation occurs through
formation strain relieving defects. For the case of ZnSe/GaAs heterostructures this happens when

the layer thickness reaches ~100 nm [65]. Depending on how the layer is grown, this critical
thickness has been reported to vary, III-V buffer, II-VI low temperature buffer or grown i.e. by
MEE [66]. In sample A3330 the layer is relaxed as its lattice constant for both in-and out-of plane
are equivalent to each other and are equal to that of the native lattice parameter for zincblende
ZnSe. Figure 2.11 illustrates schematically the extreme cases of lattice mismatch between epilayer
and substrate, Figure 2.11(a) represents the relaxed case of a smaller epilayer lattice (top) and a
larger epilayer lattice (bottom), and Figure 2.11(b) the corresponding pesudmorphic or fully
strained case, with the top illustrating the situation of a tensile strained epilayer while the bottom
shows the compressively strained one.
For a fully strained layer, the in-plane lattice parameter is equivalent to that of the substrate
both for compressive and tensile strain. Therefore, the in-plane lattice mismatch for a
commensurately grown (or pseudomorphic) epi-layer is zero. The out-of plane mismatch is given
by, Eq. 2.3, which is obtained from a
Δ𝑎𝑎

𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆.

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

= (𝑎𝑎⊥

− 𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆. )�𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆.

𝐸𝐸𝐸𝐸. 2.3

symmetric reflection, in our case (004). When a certain thickness is reached within an epi-layer
there are two things that can happen. First a critical thickness is reached that corresponds to the
onset of the formation of dislocations and then there is the second critical thickness when the layer

is fully relaxed. For the fully relaxed case, the in-plane and out-of plane lattice constants of the
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epilayer are equivalent and a symmetric reflection can be used to discover the real lattice mismatch.
If a layer is said to be partially relaxed a symmetric reflection is not enough to give the true lattice
mismatch between the layer and the substrate. Rather a combination of symmetric and asymmetric
scans are needed to calculate both the perpendicular and a parallel lattice-mismatches and as well
as the degree of relaxation.
Layer thickness is another parameter that can be obtained from an XRD plot. A qualitative
measure of the layer thickness is directly reflected in the integrated intensity under the X-ray peak
for thin films. The intensity of the layer peak increases monotonically with the thickness.
However, sample alignment and other experimental conditions can cause this value to vary, as
well peaks embedded within other peaks, such as the substrate, make it difficult to obtain even a
qualitative value. A more accurate way to establish the thickness is by analyzing thickness fringes
(Figure 2.10) that arise from thin film interference of thin layers or periodic structure of a
superlattice. This is only possible if the interface is very flat. From Bragg’s Law for the symmetric
case, the layer thickness is given by Eq. 2.4:
𝑡𝑡 = 𝜆𝜆�2Δ𝜃𝜃 cos 𝜃𝜃

Eq. 2.4

here t is the layer thickness, λ is the X-ray source wavelength, 𝜃𝜃 is the Bragg’s angle and

Δ𝜃𝜃 is the interference peak separation.
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Figure 2.11 Illustration of the origin of tensile and compressive strain in epitaxial layer growth.
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2.4 Photoluminescence
Under optical excitation certain semiconductors exhibit luminescence. Photons that are
absorbed by a semiconductor can form electrons and holes within the CB and VB, respectively
that can recombine emitting photons known as photoluminescence (PL) [67]. PL is a
nondestructive technique that is a useful way obtaining information about the electronic structure
of a material. Typically, samples are photo excited with a laser of higher energy than the materials’
bandgap and the emitted light is collected and analyzed using a spectrometer.
Depending on the character of the radiative transition, one distinguishes between intrinsic
and extrinsic PL. Intrinsic, or band-to-band luminescence is due to the recombination of free
electrons in the CB and holes within VB and is also known as an interband transition. Extrinsic
radiative transitions can originate from a number of sources: (1) impurities or defects and (2) hot
carrier intraband transitions. These include (a) conduction band to acceptor level, (b) donor level

Figure 2.12 Schematic diagram of the fundamental PL transitions and the energy involved. The
band gap, exciton, bound exciton, conduction band, valence band, donor level, acceptor level,
deep donor and deep acceptor are represented, respectively.
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Figure 2.13 (a) Photoluminescence spectra of a ZnSe sample at room temperature and 77K,
showing the bandgap emission and the deep level emission (inset 77K). (b) PL spectra focused
around the band gap energy, the dominant peak is most likely donor bound exciton (D-X) and free
electron bound to heavy hole (HH) and light hole (LH).
to valence band, (c) donor to acceptor level and (d) deep level transitions. The different transition
are depicted in Figure 2.12.
The experimental setup that was used here consists of a cw 325nm Melles Griot HeCd laser
with a power of 25 mW or a 405nm, 50 mW diode laser. A variable neutral density filter is placed
in the path of the laser to perform intensity dependent measurements, with a maximum optical
density of 3. A focusing lens (10 cm) is used to focus the laser light onto the sample. The sample’s
PL signal is measured at room temperature, or at lower temperatures using a cold finger cryostat,
often operated at 77K cooled by liquid nitrogen. The emission was then focused with the use of
two lenses onto a free space optical fiber coupled to an Ocean Optics spectrometer.
Figure 2.13(a) shows typical PL spectra of ZnSe grown on GaAs for 77K and at RT. The
band gap energy is seen as a sharp peak at 2.69eV and 2.79eV for RT and 77K, respectively. At
lower energies, luminescence from dislocation networks at the interface between two materials
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Figure 2.14 Band alignment of semiconductor heterostructures with (a) type-I band alignment, (b)
type-II band alignment, with material (1) as potential well for electrons, and (c) type-II band
alignment, with material (2) as potential well for holes.

that are slightly lattice-mismatched can give rise to deep level emissions. In Figure 2.13(b) a
detailed view of the band-edge emission at 77 K is shown on a log scale. This allows us to identify
the sharp features of the various excitonic transitions.
Photoluminescence Type-II Heterostructures
Semiconductor heterostructures such as quantum wells and quantum dots can have
different band alignments between the constituent materials. These are shown in Figure 2.14. The
band alignment of semiconductor heterostructures can be separated into two types: type-I
heterostructures [Figure 2.14 (a)], in which electrons and holes are localized in the same material,
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and type-II heterostructures [Figure 2.14(b) & (c)], in which the potential for electrons and holes
are lower in the different materials, creating a spatial separation of the charge carriers.
For heterostructure with a type-II band alignment the photo-generated electrons and holes
are spatially separated under optical excitation. These electrons and holes are bound in pairs,
forming spatially indirect, so-called type-II, excitons. We note here that this “indirectness” is only
in real space, while in k-space excitons are still direct if the underlying materials are direct band
gap semiconductors. This leads to several important properties of the PL signals when electrons
and holes recombine. In contrast to type-I semiconductor structures, the optical properties are
influenced by this separation leading to a blue shift under increasing optical excitation due to a
band-bending effect.
For the material system studied here, ZnxCd1-xTe/ZnyCd1-ySe, holes are confined in the
telluride system and electrons are localized in the selenide region. The photoluminescence is
generated from the recombination of the accumulated electrons and holes at the interface, the bandbending effect becomes more pronounced at higher intensities, thus the carriers become confined
in a narrower region near the interface. This narrowing increases the steepness of the confining
potential and thus the quantization energy [68, 69].
2
𝑛𝑛𝑤𝑤 𝑝𝑝𝑤𝑤 = 𝑛𝑛𝑤𝑤
=

𝛼𝛼𝛼𝛼(ℒ+ℓ)2
𝛾𝛾

Eq. 2.5

In Eq. 2.5 𝛼𝛼 denotes the absorption coefficient, ℒ the width of the QD layer, ℓ spacer layer

thickness, and 𝛾𝛾 the radiative recombination coefficient. The strong localized carriers near the
interface form a charged plane and, correspondingly, produce an approximately triangular well
with an electric-field strength of given by equation Eq. 2.6.
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𝜀𝜀 =

2𝜋𝜋𝜋𝜋𝑛𝑛𝑤𝑤
𝜀𝜀0

∝ √𝐼𝐼

Eq. 2.6

The ground electron state in such a well is given by, Eq. 2.7,

𝐸𝐸𝑒𝑒 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜀𝜀
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Eq. 2.8

The electron quantization energy is thus expected to increase proportionally with the cube root of
the excitation density. In Figure 2.15, we show an example of the relationship between the PL peak
position and the cube root of the excitation energy power.

Figure 2.15 PL plot showing experimental observation of signature blue shift in type-II ZnTe/ZnSe
QDs. The green circles show the behavior of the ‘green’ band PL which is dominated by QD
emission at 10K [70].
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2.5 Contactless Electroreflectance
Modulation Spectroscopy (MS) is a powerful characterization tool developed in the 1960’s
[71] in which a parameter is modified or perturbed in an experimental setup and changing the
optical response, usually leading to an enhancement of the desired signal. Modulation techniques
can be classified into two categories: internal and external. In the internal modulation techniques,
a parameter of the monochromatic optical beam, such as the wavelength or the degree of
polarization, is modulated. In the external techniques, an independent modulation parameter is
applied to the sample, such as external electric field. Electromodulation can be implemented by
various methods, e.g., photoreflectance, electroreflectance and contactless electroreflectance
(CER).
Typically, reflectance spectra consist of a large background signal of the directly reflected
light with small perturbations due to the absorption that occurs at the critical points of the
semiconductor band structure. While the direct reflectance of the light (dc) is not affected by the
external modulation, the changes in the reflectance due to the optical absorption signals are
modulated (ac) and thus can be separated from the background. In this thesis we use to CER to
study semiconductor systems, including bulk and nanostructures. CER can help resolve optical
transitions that would be otherwise lost in a featureless background of a standard reflectance
spectrum. Since absorption at all the all critical points will be potentially affecting the reflectance,
the energies of higher energy transitions that are not observable by PL can be seen in the modulated
reflectance technique. Thus, it is a helpful characterization tool for the identification of the higher
energy transitions.
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CER setup
In the CER setup shown in Fig.16 an electric field is generated by applying high voltage
between the capacitor plates, in which sample holder is made of a copper and acts as the backcapacitor plate and transparent mesh wire grid is the front plate. The high voltage applied across
the sample is typically around 1kV peak to peak modulated at 1kHz. The sample is separated from
the Cu plate by insulating spacers and the wire grid mesh is also held about one millimeter (l mm)
from the surface of the sample by use of spacers. A 150W xenon arc lamp is used in conjunction
with a single grating monochromator. A variable density filter placed at the exit of the
monochromator is used to ensure the intensity profile of the xenon arc lamp is constant throughout
the measurement. The reflected light is focused onto a Si photodiode in which the detector signal
is sent to a lockin- amplifier. The mixture of direct (dc) and alternating current (ac) signals are
given by:

dc= I(λ)R(λ)=c
ac=I(λ)∆R(λ)= c ∆R(λ)/R(λ)

Eq. 2.9
Eq. 2.10

where R(λ) is the d.c. reflectance of the material, while the modulated value is I(λ)ΔR(λ), where
ΔR(λ) is the change in reflectance produced by the modulation source. A software, WinPR, is
used to plot and analyze the differential reflectance data vs energy from the dc and ac signals that
are recorded over the specified integration time assigned by the program. A CER plot is shown in
Figure 2.17 consisting of a ZnSe sample grown on top of a AlGaAs buffer and GaAs (001)
substrate. The rich spectrum shows multiple optical transitions listed in the inset, that would
otherwise be lost in PL, which only features the lowest energy transition. It also has the ability to
acquire information f the entire structure being able to detect all the layers down into the substrate.
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(a)

(b)

Figure 2.16 (a) Schematic representation of the contactless electroreflectance (CER) setup used to
characterize samples in this thesis (b) CER sample holder.

Figure 2.17 CER plot for ZnSe epilayer grown on top of AlGaAs buffer on a GaAs substrate. All
layers are identified with higher order critical points. Inset to the bottom right identifies the
energies of the different optical transitions present.
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2.6 Time Resolved Kerr Rotation
Pump probe spectroscopy can be used to study the electron dynamics within
semiconductors. Electron processes occur on the time scales of 10-9 to 10-15 seconds, thus
employing ultra-fast laser pulses is necessary. A short pulse laser is split into two portions, a weak
probe beam and stronger pump beam. By doing so several physical phenomena can be studied
including absorption, fluorescence, four-wave-mixing, polarization rotation. Here we discuss the
pump probe technique known as time resolved Kerr rotation (TRKR) which allows us to study the
evolution of optically excited spins in electrons and holes.
TRKR’s study of electron spin dynamics is based on the magneto optical Kerr effect.
TRKR is similar to Faraday rotation. The only difference in the operating principle is in a reflection
geometry rather than transmission. The magneto optical Kerr effect causes a rotation of the plane
of polarization which is linearly proportional to the component of the magnetization in the
direction of propagation. The Kerr effect is caused by left and right circularly polarized waves
propagating at slightly different speeds, a property known as circular birefringence.
TRKR measures the spin dephasing time of electrons and holes after initializing spins with
on-resonance excitation of a circularly polarized pump light. A schematic of the experimental
setup is shown in Figure 2.18. A linearly polarized probe beam is focused at the same spot on the
surface as the circularly polarized pump, and the polarization rotation in the probe beam induced
by spin polarized carriers is measured as a function of the pump-probe time delay. Pulses of light
are generated by a tunable mode-locked Ti:sapphire laser with a pulse width of 130 fs and a
repetition rate of 76 MHz. A degenerate pump probe setup is used. The area illuminated on the
sample had a diameter of 100 µm. Typical excitation powers were 5 and 1 mW. A coupled
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photodiode bridge was used to enhance the sensitivity of the probe signal. A photoelastic
modulator was used to modulate the pump amplitude at 50 kHz, whereas the probe pulse was
chopped mechanically at 5 kHz. Lock-in detection frequency difference allowed us to separate the
pump and probe signals. Permanent magnets were attached to the sample holder of an optical
cryostat to give a 0.5 T magnetic field perpendicular to the growth direction of the sample. Figure
2.19 shows the TRKR time responses in the absence and presence of magnetic field, excited with
left-circularly (red) and right-circularly (blue) pump light. The opposite sign in the signal is due to
the electron spin orientation.
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Figure 2.18 TRKR optical pump probe setup.

Figure 2.19 TRKR plot of right and left hand circularized polarized light on ZnSe sample.
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Chapter 3
Spin dynamics of ZnTe-ZnSe
nanostructures using Time Resolved Kerr
Rotation
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3.1 Introduction to Spin dynamics of ZnSe heterostructures
Systems of reduced dimensionality, such as quantum wells (QW), quantum dots (QD), and
defect centers have been proposed as promising candidates for spintronic applications [76].
Various material systems have been studied including III-V and II-VI semiconductors. In contrast
to their III-V counterparts (i.e., GaAs), II-VI based semiconductors have the advantage of having
a low abundance of spin ½ nuclear spins isotopes and thus a reduced hyperfine coupling [12].
Although the magnetic moment of a single nuclear spin is small an ensemble of spin active isotopes
can lead to an effective magnetic field of several tesla known as the Overhauser field [77]. The
Overhauser field even at low temperatures (millikelvin) is still far from equilibrium and
fluctuations of nuclear spin lead to fast decoherence times [78]. As is the case in the InAs QDs, in
which Arsenic nuclear spins are 100% spin active [79]. For the material system presented in this
chapter consisting of ZnTe-ZnSe nanostructures the Overhauser field is strongly diminished. In
Table 3.I a list of the natural abundance of the different isotopes studied here as well as common
III-V elements.
ZnSe heterostructures grown by MBE show good optical properties with narrow line
emission and high quantum efficiency at low temperatures and are in an easily accessible spectral
range of 2.8-3.2 eV. The large exciton binding energy for bulk ZnSe (20meV) and QWs (40meV)
make them attractive for optical coupling, which is important for quantum networks. When
compared to Silicon which has an indirect band gap, its optical coupling is weak and is less
attractive for photonic q-bits. Interesting phenomena such as spin injection have been realized by
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Table 3. I List of II-VI and III-V materials studied here and their natural abundance of spin
active isotopes.
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optically pumping electrons in a GaAs substrate and probed within the ZnSe epilayer above. Thus,
ZnSe based semiconductors are particularly appealing and have been recently explored [9, 10, 11].
Long-lived spin coherence of 20–30 ns for electrons localized on shallow donors near the
metal-insulator transition (MIT) has been reported for n-type doped ZnSe epilayes [80]. For
undoped and doped samples with low carrier densities, the main mechanism of electron spin
relaxation is fluctuations from ionized donors or an electron-hole exchange interaction due to the
BAP mechanism [33]. For higher carrier densities, screening of the electron-hole exchange
interaction is reduced but the DP [32] mechanism is the main mechanism of decoherence for
densities exceeding the MIT. Undoped material systems such as bulk and QWs with type-I band
alignment have very fast spin relaxation rates, with no experimental evidence of nanosecond
lifetimes. This is due to short recombination lifetimes that are around 100 ps, as well as fast hole
decoherence.
Kimno, et. al [81] explored a type-II ZnSe/BeTe QW structure to decouple electrons and
holes as well as extending exciton carrier lifetimes. Under photoexcitation, electrons are localized
in the ZnSe wells and holes are in the BeTe barriers. They observed the longest spin dephasing
times, as large as 6.1 ns, for undoped QW’s.
During the past, several years our group has investigated the growth of ultra-small type-II
quantum dots of ZnTe embedded in a ZnSe matrix and explored their unique physical properties
based on the type-II band alignment [82]. In these structures the type-II band alignment ensures
that holes are confined within the ZnTe-based QD regions, while electrons are delocalized in the
ZnSe matrix. Semiconductor QDs are a promising medium for storing and processing classical
and quantum information because carrier spin-flip mechanisms—otherwise dominant in bulk
material—are strongly suppressed in zero-dimensional systems [3, 4]. The reason is that the
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discrete energy levels (and the corresponding lack of energy dispersion) in QDs lead to reduced
spin-orbit coupling, an interaction central to most relaxation mechanisms. For example, the
D’yakonov-Perel (DP) relaxation is hindered in zero-dimension because translation invariance is
needed for spin-flips to occur and the lack of energy states between QD levels is expected to inhibit
not only elastic processes of spin relaxation but also inelastic ones such as phonon scattering. As
a consequence of the growth mechanism Te-IC centers also form within the ZnSe matrix, which
have been recently reported to have interesting spin properties [13].
In this chapter, we report on the electron spin dynamics of samples of ultra-small type-II
quantum dots of ZnTe embedded in a ZnSe matrix. This work was published in Journal of Applied
Physics 121, 115702 (2017). We use Time Resolved Kerr Rotation (TRKR) to investigate the spin
dynamics of ZnTe/ZnSe QDs. This technique allows for measurements of net carrier spin
dynamics with a time resolution determined by the optical pulse width (~100 fs). As previously
mentioned, TRKR relies on a circularly polarized ‘pump’ pulse to excite spin-polarized
populations of electrons and holes. The “instantaneous” net carrier spin along the pumping
direction is measured as a function of time delay through the Faraday rotation imparted to a
weaker, linearly polarized ‘probe’ pulse. Our results indicate that significantly longer electron
spin lifetimes are achieved in the samples with larger densities of ZnTe QDs. We were also able
to directly probe the spin dynamics of tellurium isoelectronic centers (Te-ICs) present in the ZnSe
matrix.
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Table 3. II: Important growth parameters for the three ZnTe/ZnSe samples.

3.2 Growth of ZnTe/ZnSe Quantum Dot Superlattice
Three ZnTe/ZnSe type-II QD nanostructure samples were studied having varied effective
tellurium concentrations. The structures were grown by a combination of molecular-beam epitaxy
(MBE) and migration enhanced epitaxy (MEE) on (001) oriented GaAs substrates [83]. The
structure for all the samples consists of a 55nm ZnSe buffer layer, followed by a superlattice of
100 periods of 1.7 nm ZnSe spacers and ZnTe QDs. The formation of ZnTe QDs was achieved by
using a shutter sequence of alternating zinc and tellurium fluxes, known as MEE [83]. Two
different MEE shutter sequences were used to form the QDs. In the single cycle sequence, first the
surface was exposed to a Zn flux only, followed by a short interruption, then the Te flux only was
opened followed again by an interruption and finally the Zn flux was opened before resuming the
ZnSe spacer layer growth. Each step had a duration of 5s. The interruptions are intended to allow
zinc and tellurium to aggregate, and form quantum dots. In the triple cycle, the alternating Zn and
Te fluxes, separated by interruptions, was repeated three times before resuming the spacer layer
growth [83].
Sample A was grown with a single cycle sequence, while samples B and C were grown
with triple cycle sequences. The Te flux was also varied to adjust the Te content of the samples,
which was measured using high resolution x-ray diffraction (HRXRD) and secondary ion-mass
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spectroscopy (SIMS) as described in Ref. [84]. Table 3.II summarizes some of the relevant growth
parameters. From the Table, it is evident that sample A has the lowest average effective Te content,
while sample C has the highest.

3.3 Experimental Methods
The samples were characterized using low temperature photoluminescence (PL) and timeresolved Kerr rotation (TRKR) measurements. TRKR measures the spin dephasing time of
electrons and holes initiated by a circularly polarized pump light. A linearly polarized probe beam
is focused at the same spot on the surface as the circularly polarized pump, and the polarization
rotation in the probe beam induced by spin polarized carriers is measured as a function of the
pump-probe time delay. Pulses of light are generated by a tunable mode-locked Ti:sapphire laser
with a pulse width of 130 fs and a repetition rate of 76 MHz. A degenerate pump probe setup is
used. The area illuminated on the sample had a diameter of ~100 μm. Typical excitation powers
were 5 and 1mW. A coupled photodiode bridge was used to enhance the sensitivity of the probe
signal [85]. A photoelastic modulator was used to modulate the pump amplitude at 50 kHz,
whereas the probe pulse was chopped mechanically at 5 kHz. Lock-in detection frequency
difference allowed us to separate the pump and probe signals. Permanent magnets were attached
to the sample holder of an optical cryostat to give a ~0.5 T magnetic field perpendicular to the
growth direction of the sample. PL measurements were performed with a TriVista SP2 500i Triple
monochromator coupled with a thermoelectrically cooled CCD camera. Samples were loaded into
a closed system He-cryostat and cooled down to 8 K. The 351-nm laser line from an Argon ion
laser was used to excite samples with varying power from 0.06W/cm2 to 60 W/cm2.
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3.4 Intensity Dependent PL

Figure 3.1 (a) PL spectra for the three samples studied; a ZnSe build layer is also included for
reference. The dashed lines at 2.51 eV and 2.7 eV indicate center of the green and blue bands,
respectively. (b) Left: Type-II band alignment of the ZnTe QDs in a ZnSe matrix illustrating the
separation of carries, which leads to the observed intensity dependence of the peak position. Right:
Excitation intensity dependence of the green band peak energy for sample C. The dotted red lines
is a fit to a 1/3 power dependence, consistent with type-II behavior.

Figure 3.1(a) shows the PL spectra at 8 K, for the three samples studied as well as that of
a reference bulk ZnSe sample (100nm) grown in the same chamber. A single sharp near-band-edge
peak is observed at ~2.80eV in the ZnSe sample. By contrast, two prominent bands with maxima
centered around 2.5 eV (green band) and 2.7 eV (blue band) can be identified in the three QD
samples studied. Sample A, with the lowest Te concentration, is dominated by the high-energy
blue band, which is overlaid with near-band-edge sharp lines originating from Te isoelectronic
centers (ICs). The blue band has been identified to be due to tellurium clusters of Ten≥2 that form
at anionic sites in the ZnSe spacer [83]. A series of sharp lines can be resolved at 2.752eV, 2.759
eV and 2.767eV that have been assigned to non-nearest neighbors of Te pairs [83]. Strong phonon
coupling can be seen in all samples, with up to four phonon replicas separated by 32 meV clearly
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resolved within the blue band. The green band in sample A is only evident by the presence of the
long tail on the low energy side of the peak. Sample B shows a more well-defined green band but
the blue band still dominates. Sharp lines are no longer resolved in the blue band but rather a peak
at 2.759 eV can be seen, which is identified as the combination of different transitions from several
centers due to a larger distribution of different orientation of Te-IC pairs. Sample C, with the
highest Te concentration, shows a dominant green band. This band has been previously identified
with the type-II emission from ZnTe QDs and larger clusters of Te atoms [84]. It has been shown
that higher effective concentrations of Te in these type-II QD samples increase the green band
intensity corresponding to a larger QD density. Excitation intensity dependent PL of the peak
energy of the green band in sample C exhibits a one third power law dependence confirming the
type-II band alignment between the ZnTe-based QDs and the ZnSe matrix [86]. This is shown in
Figure 3.1(b), along with a schematic of the type II band alignment.
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3.5 Time Resolved Kerr Rotation results
A typical TRKR trace for sample C measured with and without an applied magnetic field
is shown in Figure 3.2. Both pump and probe energies were tuned to 2.798 eV near the bandage
of ZnSe at 80 K. We observe that the Kerr rotation (KR) signal has an initial fast decay but is nonzero even at negative time delays at zero field, indicative of spins persisting from the previous
laser pulse (13ns). This is demonstrated by blocking the pump prior to the start of the measurement,
allowing it to come through at some negative time delay, and then blocking it again, by which we
clearly see a change in the KR signal. These long spin lifetimes outlast the ZnSe exciton lifetime
typically observed to be 100 ps at low temperatures [87]. One possible explanation for this is that
the signal persists from resident electrons in the conduction band due to the presence of the typeII QDs which form indirect excitons. These indirect excitons can last up to 86 ns [86]. Quantum
beat oscillations are observed when a magnetic field is applied in the Voigt geometry. The
oscillations correspond to a Larmor precession through which the electron spin evolves. Oriented
electron spins precess around a perpendicular component of the applied field. These oscillations
can be fitted to the equation: Acos(gµBB∆t/h), were A is the amplitude, g the effective g-factor of
the sample, µB the Bohr magneton, and B the magnitude of the total magnetic field experienced
by the electrons. Using the above formula, we can fit the data to extract the electron g-factor. A
g-factor of ~1.1 was found for all cases, very close in value to the electron g-factor in ZnSe [88].
This supports the notion that the electrons are within the ZnSe matrix. The fast dephasing time of
217 ps found with an applied magnetic field can be attributed to inhomogeneities within the ZnSe
matrix from QDs and defects.
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Figure 3.2 Ker rotation signal for sample C at T= 75K with (lower trace) and without (upper
trace) and applied magnetic field in the Voigt geometry. The persistence of the signal at negative
times is evident by the small signal in the zero-field measurement when the pump is on during
a short interval prior to the start of the experiment. The red line in the lower trace is a fit to the
Larmor precession as discussed.

(a)

(b)

(c)

Figure 3.3 Spectral dependence of the TRKR signal for samples A (a) B (b) and C (c). Dashed
lines indicate the position of the excitonic levels associated with the ZnSe spacer layers. Energies
corresponding to direct to direct excitation of Te-ICs are also labeled. Regions with no color
indicate the absence of a TRKR signal.
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Figure 3.3 compares the TRKR contour plots for the three samples studied, measured at
~10K. Pump and probe energies were kept degenerate, scanned over a region from 2.75 eV to
2.82eV and plotted as a function of excitation energy. In sample A, shown in Figure 3.3(a), the
TRKR signal vanishes for excitation energies below 2.785 eV. Pumping directly at energies
corresponding to the Te-IC centers (blue band) and QDs (green band) did not show any TRKR
signal. Keeping the pump helicity fixed, a spin flip is observed going from the ZnSe heavy hole
(HH) to light hole (LH) excitation energies, indicated by the Kerr rotation signal changing from
positive to negative at 2.795eV and 2.810eV, respectively. The biaxial strain induced by the GaAs
substrate splits the LH and HH degeneracy at the valence band minimum, shown in Figure 3.4.
The optical selection rules are such that when a LH is excited by a σ- photon (S = -1), a spin-down
electron (ms = -½) and a spin-up hole (ms =½) are created simultaneously.
The LH state relaxes quickly and is depolarized, whereas accumulation of spin-up electrons
breaks the balance of spin population in the conduction band [89]. This is observed as a negative
polarization by the linearly polarized probe. The spin lifetimes observed in this sample were very
short, on the order of tens of picoseconds. Similar TRKR lifetimes were measured by us (not
shown) and have been observed by others [89] for bulk undoped ZnSe at low temperatures.
Samples B and C, with a larger amount of Te (0.2% and 0.3%, respectively), behave quite
differently from sample A (which has 0.1% Te content). The data are shown in Figures 3(b) & 3
(c). In both samples the TRKR signals persist as we probe deeper in energy into the region of the
blue band, which originates from the Te-ICs. We interpret these observations by considering that
we can probe the Te ICs in these samples that have increased Te content. Direct excitation of Tebound excitons has been observed as a phonon-broadened peak below the band edge in PLE
experiments in other II-VI materials [90]. In sample C we are able to probe deep within the band-
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edge of ZnSe at energies that clearly correspond to Te ICs. Sample C exhibits long spin lifetimes
of up to 1 ns at low temperatures, in sharp contrast to the lifetimes measured in sample A. In
addition, we observe a spin flip near the energies corresponding to the Te isoelectronic centers for
both samples C and B.

Figure 3.4 The strain on the crystal lifts the LH and HH degeneracy, so that the LH states have a
lower energy than the HH states at the Γ point.

The origin of this spin flip is still under investigation. Probing at energies around the LH
to free exciton (FE) transition of ZnSe the TRKR signal is significantly diminished. In addition,
we do not observe the spin flip seen in bulk ZnSe and in sample A due to the non-degenerate LH
and HH. We tentatively explain the latter behavior for samples B and C as being due to the capture
of light holes by the presence of the type-II QDs within the samples. These ZnTe-based QDs form
a staggered band alignment with the ZnSe matrix producing a potential well for holes [see Figure
3.1(b)]. Moreover, trying to probe the green band in all samples did not produce a TRKR signal.
This was not unexpected since the type-II alignment of the QDs results in optically forbidden
transitions.
To better characterize the increase in spin lifetime observed for the samples with higher Te
content, we investigated the temperature dependence of the Te-IC center related spin lifetimes in
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samples A and C. Sample B, with an intermediate Te content, was also measured. Here we compare
A and C since they exhibit the largest effect. In order to probe the Te-IC centers directly we used
the lowest energies at which we observed TRKR signal for each sample. This value varied
depending on the Te content of each sample. For sample A, this was near the band edge of ZnSe,
at 2.81 eV and for sample C it was at 2.75 eV. Figure 3.5 shows the temperature dependence of
the TRKR lifetime for samples A and C. In both cases, the TRKR measurements typically exhibit
a bi-exponential decay which is denoted by a long τ*2 and a short τ*2 on the graphs. This biexponential decay is illustrated in a typical TRKR decay curve for sample C, shown as an inset in
Figure 3.5. The fast component of the initial decay can be explained by the rapid decoherence of
the hole spins initialized by the pump, while the long decay corresponds to the electron spin
decoherence lifetime.
The principal observation is that Sample C exhibits a much longer long τ*2 lifetime at low
temperature, exceeding one nanosecond. The value of the long τ*2 increases further as the
temperature grows but an exact determination of its value is limited by the delay stage (the
maximum displacement corresponds to 1 ns). For sample A the value of the long τ*2 is much
shorter below 50K, resulting in single exponential decay behavior. Above 40 K the long τ*2 spin
lifetime measured is ~100ps. This behavior is like that seen in bulk undoped ZnSe (not shown).
This sharp drop off the lifetime at ~50K has been explained as motional narrowing of excitons
[91]. In that mechanism, electron and hole overlap increases at lower temperatures. Since hole spin
decoherence is much faster, it contributes to the decrease of the electron spin lifetime, lasting only
tens of picoseconds. In sample C, which has a much larger density of type-II quantum dots this
decoherence mechanism does not seem to play a dominant role. A similar behavior to that of
sample C has been observed in undoped type-II quantum wells, which also exhibit spin lifetimes
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in excess of 1 ns at low temperatures [86]. The decoherence mechanism responsible for the
behavior of sample C has not been established.

Figure 3.5 Temperature dependent spin relaxation lifetimes measured by TRKR pumped and
probed at 2.78 and 2.75eV for samples A and C, respectively. Typically, a biexponential decay is
observed consisting of a long and short lifetime component illustrated in the TRKR shown in the
inset indicates straight lines for the two separate decays observed in the curve.

3.6 Conclusion
In conclusion, we have investigated the spin decoherence lifetimes of ZnSe samples with
embedded ZnTe type-II QDs. Three samples with different effective Te content, 0.1%, 0.2% and
0.3%, were investigated using spectrally resolved TRKR. Low temperature PL confirms the
presence of type II QDs which increase in density with increasing Te- content, as well as the
presence of Te-ICs in the ZnSe barrier regions. We found that the QDs could not be probed directly
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by TRKR, which we attribute to their type-II nature. On the other hand, the TRKR signal from the
Te ICs that are present in the ZnSe barrier regions could be observed, but only in the samples with
higher Te content, and consequently with larger QD densities. The spin coherence lifetimes
increase significantly as the Te content increases in the samples. The sample with the highest Te
content exhibited a lifetime of ~1ns at 10K, compared to less than 20 ps for the sample with the
lowest Te content. Furthermore, a spin flip near the energy of the Te-IC could be detected in the
samples with high Te content. The spin flip near the band-edge seen in pure ZnSe was not observed
in samples with large Te content, which hints at the capture of light holes by the type-II QDs
present in the samples.

60

Chapter 4
Interface modification of ZnCdTe/
ZnCdSe Quantum Dot Super Lattice
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4.1 Review of previous work
The initial work of II-VI submonolayer quantum dots for IB-SC in our group employed
ZnTe QDs within a ZnCdSe matrix. This system is similar to the ZnTe/ZnSe type-II QD system
explored in the previous chapter of this thesis, the difference being that a ZnCdSe spacer was
chosen to reflect the fundamental band gap necessary for highest efficiency for IB device (1.95eV).
Initial results showed high quality material was grown using InP substrates, with the ZnCdSe layer
composition having less than 0.1% mismatch to the substrate, but the superlattice peak exhibited
a high tensile strain of up to -1.2%. This was unexpected since the large lattice constant of ZnTe
would make the SL be under compressive strain with a positive mismatch value. It was identified
that an unintentional interfacial layer (IL) forms between the spacer region and the quantum dots
during the growth, as shown in Figure 4.1. Due to the high tensile strain simulations suggested an
unintentional pesudomorphic ZnSe-rich IL.
An attempt to optimization of the growth of the QD SL was done by introducing Cd during
the MEE cycle to counteract the anticipated IL layer mechanisms of formation, which were: 1)
desorption of Cd in ZnCdSe spacer 2) Zn replacing Cd. The new shutter sequence which
incorporated the growth of ZnCdTe QDs still was under high tensile strain, thus strain
compensated spacers had to be grown (Cd-rich ZnxCd1-xSe) to offset the strain from IL layer [45].
In the current state of IB-SCs using III-V QDs grown by the Stranski-Krastanov (SK)
method have shown significant advances [92, 93]. However, highly efficient devices have not you
been realized. Due to the small size and low density of QDs, many layers are required to achieve
an appreciable
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Figure 4.1 A schematic of type-II QD stacks used as active region in an IB-SC.

absorption response. The QDs grown by the SK method require the formation of a strained wetting
layer, and so as the QD layers are repeated multiple times the strain increases, decreasing the
overall quality of the. Ultimately reducing the number of layers that can be grown and efficiency
that can be gained by the intermediate band (IB). Strain relieving defects form if strain is not
accounted for within the device ultimately affecting its performance.
In our II-VI materials system the challenges arise during the growth of these materials due
to the lack of a common anion as well as Cd desorption during the MEE growth of QDs [94]. This
requires adjustments in barrier and QD cadmium concentrations to fabricate stress free devices by
strain balancing [18], complicating growth and increasing potential cost. The presence of the IL is
also problematic due do its uncontrolled nature and its modification of the resulting band structure.
This chapter reports the results of further modified growth sequences that can truly suppress the
formation of this IL, allowing for better control of the QD band structure and eliminating the need
for complicated strain balancing schemes to obtain high structural quality. This work was
published in Journal of Crystal Growth Vol 512 (2019).
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4.2 Modified shutter sequence
A series of ZnCdTe/ZnCdSe QD superlattice samples were grown with varying source
shutter sequences during the process for QD formation. A schematic of the structure is shown in
Figure 4.1. The initial buffer layers and spacer material (ZnCdSe) were grown by molecular-beam
epitaxy (MBE), whereas to achieve the formation of sub-monolayer ZnCdTe quantum dot the
MEE process was implemented.
All samples were grown on (001) oriented InP substrates with a 100 nm lattice matched
InGaAs buffer layer to ensure the formation of a high quality II-VI/III-V interface. The II-VI layer
structure for all the samples consists of a 100 nm ZnCdSe buffer layer, followed by a superlattice
consisting of alternating 2 - 4 nm thick ZnCdSe spacers and submonlayer ZnCdTe QDs. The
formation of ZnCdTe QDs was achieved by using a shutter sequence of alternating Zn, Cd and Te
fluxes with short wait times between them to achieve MEE conditions.
The previously used shutter sequence developed by our group [shown in Figure 4.2(a)]
entailed a growth interruption with exposure of a Zn and Cd flux for 5s after the growth of the
ZnCdSe spacer, followed by a short 5s wait time without any shutters open [18]. Then the Te flux
was opened for 5s and followed again by a 5s wait time without any impingent fluxes. This
sequence was repeated several times (cycles). The number of cycles used were either three or four
depending on the desired quantum dot size and composition. At the end of the MEE sequence the
Zn and Cd shutters were opened simultaneously for 5s before resuming the ZnCdSe spacer layer
growth (by opening the Se shutter). The interruptions or “wait times” are intended, to allow excess
Zn and Cd to desorb, and for the Zn, Cd and Te to aggregate, and form quantum dots.
In this work, modifications of the shutter sequence [Figure 4.2(b)] using a 5s Cd-only
exposure between the growth of the spacer layer and the MEE cycles and reducing the “wait time”
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after the Cd exposure to 1s were explored in an attempt to suppress the ZnSe tensile layer formation
at the interface. Three samples (A, B and C) were grown for this comparison. Two additional
samples, D and E, were also grown to obtain a lattice matched superlattice region using the
unmodified growth sequence of sample A and the new optimum growth sequence of sample C.
Table 4.I summarizes some of the relevant growth parameters for all the samples.

Table 4.I Relevant growth parameters for all samples.
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(a)

(b)

Figure 4.2 (a) Previously adopted growth shutter sequence (b) new adapted shutter sequence
used in the growth of sample A, with Cd only interruptions during the start and end of the MEE
cycle, wait times of x=1, 5 sec was used.
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4.3 X-Ray Diffraction results & Discussion
Sample A was grown following the growth sequence of Figure 4.2(a). Sample B was grown
using the growth sequence shown in Figure 4.2(b), with a Cd-only exposure and a 5s “wait time”
after the Cd exposure, and sample C was grown using the sequence of Figure 4.2(b) but using only
a 1s “wait time” after the Cd-only exposure. HR-XRD 2ω−θ scans were taken around the (004)
and (224) reflections to characterize the structural parameters of the grown samples. Figure 4.3
shows the HR-XRD spectra for sampled A, B and C.
Scans along the (004) symmetric reflection show the Bragg diffraction peaks of the various
layers grown on InP substrates including the InGaAs and ZnCdSe buffer layers and the zeroth
(0th)-order superlattice peak (SL(0)) as well as higher order satellite peaks, which originate from
the periodic ZnCdSe/ZnCdTe QD superlattice structure. Although the superlattice includes 2-4 nm
ZnCdSe spacer it has been shown that as little as a single monolayer of ZnSe (~0.3nm) can result
in high tensile strain in contrast to the expected small compressive strain due to the ZnCdTe
submonolayer QD material. This high tensile strain is evident by the appearance of the SL(0) peak
at higher than the substrate Bragg angles, indicative of tensile strain. The strain contribution from
QDs is expected to be very small due to their submonolayer nature, so that the lattice constant of
the SL is dominated by the IL and the composition of the spacer layer.
To estimate the strain accurately the (224) asymmetric reflection was also measured
(Figure 3b). Using both (004) and (224) reflections one can calculate both the out-of-plane, 𝑎𝑎⊥ ,
obtained directly from the (004) reflection measurement, and the inplane, 𝑎𝑎∥ , lattice parameters.
The latter is calculated as shown in Eq. 4.1, where 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 is the distance between crystallographic
planes.
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Figure 4.3 (a) HR-XRD along the 004 reflection for samples A, B and C SL (0) mismatch is
minimized with optimal growth sequence. (b) The (224) asymmetric reflection was measured
the in-plane lattice parameter. (c) SL (-1) of the (004) reflection.
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Then, one can calculate the “unstrained” lattice parameter, 𝑎𝑎0 , using Eq. 4.2, where 𝐶𝐶11 and 𝐶𝐶12
are the elastic constants 𝐶𝐶𝑖𝑖𝑖𝑖 of the layer of interest (SL(0) or ZnCdSe buffer) [18]:
𝑎𝑎∥ =

𝑎𝑎⊥+2𝐶𝐶12 𝑎𝑎
1

𝐶𝐶11 𝑠𝑠𝑠𝑠𝑠𝑠
12
+ 2𝐶𝐶
𝐶𝐶11

𝐸𝐸𝐸𝐸. 4.2

Calculation of 𝑎𝑎0 for the ZnxCd1-xSe buffer is straight forward, since the elastic constants can be

approximated by interpolation to the ternary composition. For the SL (0) peak, the elastic constants
are estimated taking into account the ZnCdSe spacer layer, as well as the thickness of the interfacial
layer present.
Comparing 𝑎𝑎0 with the InP lattice constant we can see that the SL (0) peak for all the

samples are nearly pseudomorphic with the InP substrate. The degree of relaxation of each of layer
can be calculated by Eq.4.3,
𝑅𝑅 =

𝑎𝑎∥ − 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠
𝑎𝑎0 − 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠

𝐸𝐸𝐸𝐸. 4.3

The results are shown in Table 4. II. As expected, the previously adopted growth sequence,
used in sample A, did not suppress the formation of a ZnSe IL. In that sample, the higher order
superlattice peaks are broad and weak, consistent with rough interfaces. The SL (0) peak for
sample A shows a tensile strain of 2.00% with respect to the substrate. Using Vegard’s law and
assuming a fully strained IL we calculate that approximately 2 monolayers of ZnSe form at the
interface between the spacer layer and QDs.
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Table 4.II Lattice parameters and relaxation (R) for samples A, B and C.
(004)

D
E

InP
ZnCdSe

Intensity (arb. units)

Intensity (arb. units)

(004)

D
E

ZnCdSe
1.35%

62.5

SL(-2)

ZnCdSe
0.50%

SL(-1)

SL(0)

InGaAs

InGaAs InP(sub.)

63.0

63.5

2θ (deg.)

SL(+1)

InP

InP

SL(0)

SL(+2)

ZnCdSe

SL(-1)

SL(+1)

SL(-2)

57

SL(+2)

60

63

2θ (deg.)
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Figure 4.4 HR-XRD for sampled D and E along the 004 reflection. The inset focuses on the
near lattice matched SL (0) peak for the two samples.
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By contrast, sample B shows a large reduction of the SL (0) mismatch as a result of having
a Cd-only exposure during the initial growth interruption prior to the MEE cycles. Samples B and
C show successively smaller tensile strains of 0.86% and 0.47%, respectively, due to the
suppression of the IL formation. The reduced strain results in a lower estimated ZnSe thickness of
1 and ~0.75 monolayers for samples B and C, respectively. We interpret this dramatic effect on
the IL formation to the fact that Zn has a stronger affinity than Cd to bond with Se so it will displace
Cd from ZnCdSe surface, and to the greater likelihood of Cd to desorb during the growth
interruption when both the Zn and Cd shutters are open [94, 95]. When only the Cd shutter is open,
as in sample B, the competition between Zn and Cd is diminished and the effect of Cd desorption
is suppressed. In sample C, by also shortening the wait time between the ZnCdSe spacer and the
start of the MEE cycle to 1 s, instead of the 5 s used in sample B, the desorption of Cd is further
reduced. The satellite peaks of the superlattice SL (0) peak are narrower in samples B and C, as is
shown in Figure 4.3(c), indicating smoother interfaces in those samples. From these results we
conclude that the shutter sequence for sample C is optimal, since it results in the strongest
suppression of the ZnSe IL.
It was previously reported that the high tensile strain produced by the IL could be strain
compensated by growing the ZnCdSe spacer material with a large positive mismatch to InP. In
order to achieve a lattice matched SL layer in the case of sample A it is necessary to use a strained
ZnCdSe spacer layer composition that will strain balance the IL contribution. In figure 4, we show
a comparison of the XRD scans for samples D and E, which were designed to obtain lattice
matched SL(0) peaks, and were grown using the growth sequences of samples C and A,
respectively. For sample E the spacer layer was grown with a ZnCdSe composition such that it has
a lattice mismatch of +1.35%. As a result, the SL(0) peak is closely lattice matched to InP due to
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strain compensation of the ZnSe IL by the compressively strained spacers. In contrast, in sample
D, which was grown using the new optimum growth sequence of sample C described above, the
lattice mismatch for the ZnCdSe spacer layer needed to obtain a lattice matched superlattice layer
is only ~ 0.5%. The improved material quality of sample D is evident from the sharp superlattice
peaks observed by XRD [96] [Figure 4.4]. Thus, the material resulting from the new modified
shutter sequence has a greatly reduced unintentional ZnSe IL, requiring minimal strain
compensation, and leading to an improved overall structural quality.

4.4 Interfacial layer formation mechanism
A closer look at the IL formation mechanism led us to propose several possible processes
taking place, shown in Figure 4.5. These are 1) Cd substitution by Zn and 2) Cd desorption during
the growth of the QDs. When considering the traditional nonequilibrium growth techniques like
MBE and chemical vapor deposition (CVD), the “self-regulated condition” is obtained by
adsorption saturation either by a cationic or anionic species. It would be expected that the Cd (Zn)
will not be deposited on a Zn (Cd) covered surface, since both elements share the same place in
the crystalline alloy lattice. However, based on the fact that the IL was not reduced by this
modification, we conclude that the previous shutter sequence used by terminating with a mixture
of both and Zn and Cd did not yield a mixed alloyed surface but rather one of terminated by Zn
alone. It could be suggested that after some Cd desorption from the ZnCdSe surface, preferential
substitution of Cd atoms by Zn atoms occurs during this initial exposure. The preferential
formation of ZnSe at the interfaces can be explained by the difference in cohesive energies between
the four cation/anion couples, which are 2.69 eV, 2.52 eV, 2.36 eV, and 2.18 eV for ZnSe, CdSe,
ZnTe, and CdTe, respectively[]. When in the further modified shutter sequence a flat (2×1) Se
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stabilized surface is exposed to a Cd flux, this leads to a flat surface covered by Cd atoms alone.
This surface is c(2×2) Cd reconstructed, which is known to consist of only ½ monolayer coverage
of Cd atoms. Then, when the surface is exposed again to Te atoms, followed by Zn and Cd
exposure in the MEE cycle, some preferential Zn incorporation may occur, thus the initial exposure
of Cd only reduces the formation of the IL but does not remove it completely. Previous reports
support the observation of increased Cd desorption rates at low Se fluxes, which can occur during
the 5 second “wait” time between cycles [97]. Thus, we conclude that Cd desorption, together with
the preferential incorporation of Zn over Cd, are leading to the formation of an unintentional
strained ZnSe-rich IL at the QD-spacer interface.

Figure 4.5 The proposed formation of IL during the growth of the QDs. Zn replacement of Cd
during the initial Zn and Cd exposure. Cd desorption occurs just prior to the QDs during the 5
second wait time.
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Figure 4.6 (a) Low temperature intensity dependent PL for sample D confirms the type-II band
alignment between QDs and host material. (b) Plot of peak position of the QD PL as a function of
excitation intensity which exhibits a 1/3 power law fit. (c) Low temperature intensity dependent PL for
sample E.

4.5 Photoluminescence Results
`

To verify that the new shutter does not affect the type-II band alignment and retains the

favorable optical properties needed for the IB-SC we measured the PL spectra for sample D. Figure
4.6(a) shows the 77 K excitation intensity dependent PL emission which was taken by using a 50
mW 405 nm diode laser and collected with an Ocean Optics 2000 spectrometer. A strong broad
PL emission typical of type-II structures is seen [84, 98]. The ZnCdTe QD PL is centered around
1.92eV. A small peak at 2.14 eV can be observed at high excitations, which we attribute to the
ZnCdSe spacer and /or buffer layer.
Furthermore, as expected for type-II hetero structures, the intensity dependent blue shift of
the PL emission peak is clearly observed [Figure 4.6(b)]. The PL of Sample E, grown with the
original shutter sequence, is shown in Figure 4.6(c) for comparison and to illustrate what has been
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previously reported as the PL properties for these type-II sub-monolayer QDs [5]. As in the case
of sample D [Figure 4.6(a)] the broad peak in this sample centered around 1.95 eV exhibits a blue
shift in energy with higher excitation intensity, a signature of a type-II optical transition. The
results indicate that the materials grown with the modified shutter sequence, which have improved
structural properties, with greatly reduced formation of the deleterious ZnSe IL retain the good
optical properties typical of these type-II QD systems. Thus, we conclude that this new growth
sequence is favorable for the design of an optimum IB-SC.

4.6 Conclusion
By modifying the MEE shutter sequence used in the growth of submonolayer ZnCdTe
type-II QDs for use in IB-SCs in order we reduced the formation of a deleterious ZnSe interfacial
layer that was previously reported. It was shown that a Cd-only exposure at the start of the MEE
shutter sequence, along with a reduced “wait time” after the Cd exposure greatly suppresses the
formation of the ZnSe IL. The results are consistent with the suppression of Cd depletion from the
ZnCdSe spacer region at the start of the growth interruption prior to the MEE growth sequence.
We propose that two processes are responsible for the Cd depletion during the Zn and Cd exposure
of the previously used growth sequence: Cd desorption due to its small sticking coefficient at the
growth temperatures, and replacement of Cd by the Zn in the impingent flux, due to the stronger
affinity of Zn than Cd to bond to Se. The resultant materials have improved structural properties
while maintaining their good optical characteristics. The results presented here have implications
in other heterostructure systems in which the lack of a common anion results in unwanted
interfacial layer formation.
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Chapter 5
Optimized material for IB-SC: CdTe QDs
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5.1 CdTe QDs potential for IB-SC
This chapter will focus on the growth and characterization of a new material system based
on CdTe submonolayer QDs in a ZnCdSe matrix. There are several advantages in using CdTe
submonolayer dots for the use of IB-SC. These benefits are briefly described below. This work
was published in Journal of Applied Physics 126, 235302 (2019).
In the previous chapter the formation of a deleterious interfacial layer (IL), when ZnCdTe
QDs were used, was addressed by modifying the growth shutter sequence. If this is not accounted
for, the strain accumulation in the thick stacked QD superlattice can be significant enough to lead
to the formation of defects affecting the device performance. As is the case for QDs grown by the
(SK) method, which require the formation of a strained wetting layer, as the QD layers are repeated
multiple times the strain in the structure increases, decreasing the overall quality of the material
[42, 99, 100, 101]. The presence of an IL can also affect the band-structure of the device. In the
current structure, by eliminating Zn during the MEE growth of QDs the complete elimination of
the IF layer can be realized. Being able to better control and predict the interface formation new
QD compositions and their potentially advantageous properties can be explored.
In the work done by Imperato et al. [18] a determination of the parameters of ZnCdSe
spacers ZnCdTe QDs and effective strain compensation with respect to the IL layer is presented
in order to obtain the optimal energy for the IB. The number of parameters for this material growth
becomes increasingly more complicated by the presence of the IL layer and the tuning of the
ZnCdTe QD alloy composition. All three different materials systems must be considered to strain
balance the QD stack, and this is especially difficult when the IL layer of ZnSe forms
spontaneously. Going from the ZnCdTe ternary to a binary composition of CdTe the overall growth
is simplified by eliminating the number of parameters that must be tuned.
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Figure 5.1(a) shows the band line ups for the binary materials used in these structures. By
using CdTe QDs to form the intermediate hole band there is no significant change in the valence
band offset with respect to the spacer when compared to the previously studied Zn(Cd)Te QD
counterparts. There is, however, the added benefit of a large reduction of the conduction band
offset (CBO) reducing scattering of photogenerated electrons effectively reducing the electron
barrier. Carrier extraction would require either tunneling through a barrier assisted by the internal
electric field of the diode or thermionic emission over the top of the barrier. Both processes become
less probable the larger the CBO. This was shown experimentally by Sablon et al. [102] for
InAs/GaAs QDs with “DFENCE” layer of AlGaAs. The difference in the CBO is shown in Figure
5.1(b), pure ZnTe QDs have a CB edge 0.87eV higher in energy than that of CdTe.
As mentioned previously electron-hole separation in a staggered or type-II band alignment
between spacer regions and QDs is beneficial for ensuring long carrier lifetimes and suppressing
recombination of photogenerated carriers. CdTe can be either type-I or type-II with respect
ZnxCd1-xSe depending on the composition x [Figure 5.1(a)] of the ZnxCd1-xSe. For a ZnxCdS1-xe
composition lattice matched to InP (x = 0.51), CdTe QDs would have a type-II band alignment
with holes confined to the dots and electrons within the spacer material. This can be further tuned
to a zero offset CBO.
Although there are benefits to growing CdTe QDs, one must consider the high mismatch
between the CdTe and the substrate and spacer in these materials. Due to the large lattice parameter
of zinc blende CdTe, a=6.48, there is a 10% lattice mismatch for bulk CdTe with respect to the
InP substrate. Such a large mismatch would make it difficult to grow pseudomorphic
heterostructures without the formation of strain relieving defects. It has been shown for ZnTe/ZnSe
MEE QDs have a critical thickness of 225 nm with respect to GaAs [103], considerably larger than
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the previously reported values (~100 nm) for bulk ZnSe on GaAs [65], even though their effective
mismatch is greater. MEE has been shown to be very useful to grow high quality atomically flat
heterostructures [104] as well as to grow QDs with enhanced size uniformity [105, 106] due to the
enhancement in the surface migration of adatoms. Thus, making it feasible for CdTe/ZnCdSe QD
stack grown by MEE to be high quality. This tolerance of relatively large strain with in the QDs
can be exploited via band structure engineering. It will be shown that large compressive strain can
increase the valence band offset with respect to the matrix material (ZnCdSe). The overall
effective strain for the total superlattice can easily be offset by strain compensation in the spacer
regions. Here we present the results of the growth and characterization of a CdTe/ZnCdSe QD SL
optimized for IB-SC applications.

(a)

(b)

Figure 5.1 (a) Schematic of the band alignment for materials used in the IB-SC studied. (b)
Schematic of CBO and VBO difference for CdTe and ZnTe with respect to ZnCdSe lattice matched
to InP.
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(a)

(b)

Figure 5.2 (a) Schematic of type-II sub-monolayer QD stacks, that would be implemented as an
intermediate band region in an IB-SC device. (b) Growth sequence used for the formation of QDs
grown by migration enhanced epitaxy.

5.2 Growth of CdTe/ZnCdSe QD Superlattice
A schematic of the structure investigated is shown in Figure 5.2(a). A CdTe/ZnCdSe QD
superlattice (SL) is grown by a combination of conventional molecular beam epitaxy (MBE) and
migration enhanced epitaxy (MEE). The initial buffer layers and spacer material (ZnCdSe) were
grown by MBE, whereas to achieve the formation of sub- monolayer CdTe QDs the MEE process
was implemented.
The sample was grown on (001) oriented InP substrates with a 100 nm lattice matched
InGaAs buffer layer in a dual chamber MBE growth system. The substrate and buffer layer were
transferred to the II-VI chamber via ultra-high vacuum transfer modules. The II-VIlayer structure
included a 100 nm ZnCdSe buffer layer, followed by a superlattice consisting of alternating 1314 monolayers of the ZnCdSe spacer layers and the submonolayer CdTe QDs. The formation of
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CdTe QDs was achieved by using a special shutter sequence of alternating Cd and Te fluxes with
short wait times between them.
The shutter sequence recently developed by our group entailed a growth interruption with
exposure of only a Cd flux for 5 s after the growth of the ZnCdSe spacer, followed by a short wait
time of 1 s without any shutters open, instead of the 5 s wait times previously performed [17]. We
have found that terminating the surface with only Cd rather than with both group II elements of
Zn and Cd is an important and critical step for the avoidance of the IL layer formation [101]. The
surface termination of a metal rich surface is observed by a change from a VI-rich (2x1) terminated
RHEED pattern, observed during the ZnCdSe spacer layer growth, to a II-rich c(2x2) pattern after
the Cd-only exposure [17]. To grow our CdTe QDs we employed the same initial Cd-only exposure
and 1 s wait time without any impingent fluxes. After this the Cd shutter was opened for 5s, and
then closed and followed by a 5s wait time. This sequence was repeated three times (three cycles).
The shutter opening and closing cycles used are shown in Figure 5.2(b). At the end of the
MEE sequence the Cd shutters were opened for 1s before resuming the ZnCdSe spacer layer
growth (by opening the Se and Zn shutters). It should be noted that in this sequence (e.g., Refs.
17), in contrast to the previous sequence, the Zn shutter remains closed throughout the entire MEE
cycle, further minimizing the likelihood of any unintentional ZnSe being formed during the
process.
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5.3 HR-XRD Analysis of QD superlattice
5.3.1 Symmetric and Asymmetric reflection results
In Figures 5.3(a) & (b) a high-resolution X-Ray diffraction (HR-XRD), symmetric (004)
and asymmetric (224) Bragg reflections, respectively, 2θ-ω scans for the sample are presented.
The Bragg diffraction peaks of the different layers are clearly resolved. They include [see Figure
5.3(a)]: the ZnCdSe buffer layer (63.18°), the zeroth (0th)-order superlattice peak SL(0) (62.40°)
as well as higher order satellite peaks, which originate from the periodic CdTe/ZnCdSe QD SL
structure. Such strong and sharp higher order satellite peaks suggest high quality materials and
interfaces: well-controlled separation of QD layers and well-contained spacer segregation of
materials. By combining the symmetric (004) and asymmetric (224) Bragg reflections the strain
and composition of the different layers within the structure can be accurately calculated.
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Figure 5. 3 (a) HR-XRD along the (004) reflection; (b) The (224) asymmetric reflection. In
conjunction these two plots allow us to accurately measure the size and strain in the QDs. Plotted
in (c) The effective thickness of the QDs necessary to position the SL (0) peak under high
compressive strain with respect to the substrate as observed in HR-XRD.
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𝑆𝑆𝑆𝑆

The ZnCdSe buffer layer has an in-plane lattice parameter, 𝑎𝑎∥ , that is equal to that of the

InP substrate, 𝑎𝑎∥𝑆𝑆𝑆𝑆𝑆𝑆 = 5.869 Å. The layer is under slight compressive strain, as its out-of-plane
𝑆𝑆𝑆𝑆

lattice parameter, 𝑎𝑎⊥ = 5.882 Å, is slightly larger. The in-plane and out-of-plane lattice

parameters for the SL(0) are, respectively, 𝑎𝑎∥𝑆𝑆𝑆𝑆 = 5.882 Å and 𝑎𝑎⊥𝑆𝑆𝑆𝑆 = 5.948 Å. These values

suggest that the superlattice region is nearly pseudomorphic to the InP substrate, due to the small
difference between the in-plane lattice parameters which is only 0.22%. The SL period is made up

of the combination of a spacer layer that has the same composition as that of the ZnCdSe buffer
layer and the CdTe QD layer, which we will show can be modelled as fractional layers of CdTe.
For a more complete understanding of the energy at which the IB level forms within the host
material, a good understanding of the strain and the thickness of the quantum dots is necessary.
For this we utilize symmetric and anti-symmetric XRD scans [Figures 5.3(a) & 5.3(b)] using the
following simple arguments and considerations.

5.3.2 CdTe QD Effective Size and Strain
From the (004) scan the out-of-plane thickness of the period can be obtained by the distance
between higher order superlattice peaks and is calculated to be 𝑡𝑡⊥𝑆𝑆𝑆𝑆 = 43 Å. Considering the

superlattice structure as a pseudocrystal, we describe the lattice constant 𝑎𝑎⊥𝑆𝑆𝑆𝑆 as the weighted
average of the strained individual layers that make up the period:

𝑆𝑆𝑆𝑆

𝑎𝑎⊥𝑆𝑆𝑆𝑆

𝑄𝑄𝑄𝑄

𝑎𝑎⊥𝑄𝑄𝑄𝑄𝑄𝑄 𝑡𝑡⊥𝑄𝑄𝑄𝑄𝑄𝑄 + 𝑎𝑎⊥𝑆𝑆𝑆𝑆 𝑡𝑡⊥𝑆𝑆𝑆𝑆
=
𝑡𝑡⊥𝑆𝑆𝑆𝑆

Eq. 5.1

where, 𝑡𝑡⊥ , and 𝑡𝑡⊥ are the thickness of the ZnCdSe spacer and the effective thickness of CdTe QD
𝑄𝑄𝑄𝑄

𝑆𝑆𝑆𝑆

layer, respectively; 𝑎𝑎⊥ and 𝑎𝑎⊥ are the strained lattice constants of the individual materials.
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Figure 5.3(c) relates the effective QD thickness and amount of strain imparted on the QDs
necessary to match the measured out-of-plane lattice parameter of the SL from Eq. 5.1. Since 3.24
Å is the thickness of a single CdTe monolayer, then any value below this value corresponds to a
fractional monolayer coverage.
For the unstrained case (0% strain), a significantly thicker dot is necessary, more than
double than for the fully strained case (100% strain). By using Eq. 5.2, which relates the out ofplane-lattice parameter to the elastic constants of the SL, we can accurately calculate the thickness
and strain of the QDs for this sample,
𝑎𝑎⊥𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆
2𝐶𝐶12
= �1 + 𝑆𝑆𝑆𝑆 � �𝑎𝑎0𝑆𝑆𝑆𝑆 − 𝑎𝑎∥𝑆𝑆𝑆𝑆 � + 𝑎𝑎∥𝑆𝑆𝑆𝑆
𝐶𝐶11

Eq. 5.2

𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆
Here 𝐶𝐶12
and 𝐶𝐶11
are the weighted averages of the elastic constants of the individual unstrained

CdTe and ZnCdSe layers given by,

𝐶𝐶𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆
𝑄𝑄𝑄𝑄𝑄𝑄

where 𝑡𝑡0

=

𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆
𝑄𝑄𝑄𝑄𝑄𝑄 𝑄𝑄𝑄𝑄𝑄𝑄
𝑡𝑡0 +𝐶𝐶𝑖𝑖𝑖𝑖 𝑡𝑡0
𝑡𝑡0𝑆𝑆𝑆𝑆

𝐶𝐶𝑖𝑖𝑖𝑖

Eq. 5.3

𝑆𝑆𝑆𝑆

, 𝑡𝑡0 , 𝑡𝑡0𝑆𝑆𝑆𝑆 are thickness of the unstrained corresponding layers. These thicknesses, as

well as the thickness of strained layers, can be conveniently expressed in terms of the number of
corresponding monolayers, 𝑁𝑁 (𝑖𝑖) , which stay constant between the strained and unstrained cases,

while the thicknesses of the layer change:
𝑆𝑆𝑆𝑆
𝑡𝑡0,⊥

𝑆𝑆𝑆𝑆

𝑄𝑄𝑄𝑄𝑄𝑄
𝑎𝑎0,⊥ 𝑆𝑆𝑆𝑆
𝑎𝑎0,⊥
=
𝑁𝑁 𝑄𝑄𝑄𝑄𝑄𝑄 +
𝑁𝑁
2
2

Eq. 5.4
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Correspondingly,

𝑆𝑆𝑆𝑆
𝑎𝑎0,⊥
=

𝑄𝑄𝑄𝑄𝑄𝑄
𝑎𝑎0,⊥

Eq. 5.5

𝑆𝑆𝑆𝑆

𝑎𝑎⊥𝑄𝑄𝑄𝑄𝑄𝑄 𝑄𝑄𝑄𝑄𝑄𝑄
𝑆𝑆𝑆𝑆 𝑎𝑎0,⊥ 𝑆𝑆𝑆𝑆
+ 𝑎𝑎0,⊥ 2
𝑁𝑁
2 𝑁𝑁
𝑆𝑆𝑆𝑆
𝑡𝑡0,⊥

We note here that using Eq. 5.4, the weighted averages for elastic constants are also
expressed in terms of number of monolayers and lattice constants, instead of layer thicknesses.
𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆

In Eq. 5.5 important parameters that are to be considered are 𝑎𝑎0 and 𝑎𝑎⊥ . The former is

known, since the composition of the spacer is the same as that of the buffer, however, the latter is

not since we don’t know the degree of relaxation, if any, in the spacers. We, nevertheless, know
𝑆𝑆𝑆𝑆

the range in which the in-plane lattice parameter of the spacer, 𝑎𝑎∥ can vary. This is between 𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆

(fully strained) and 𝑎𝑎0 (fully relaxed). Therefore, we will take this, in further calculations, as a
varying
𝑄𝑄𝑄𝑄𝑄𝑄

parameter,

which,

as

shown

further,

uniquely

determines

the

unknowns

𝑄𝑄𝑄𝑄𝑄𝑄

�𝑎𝑎⊥ , 𝑁𝑁 𝑄𝑄𝑄𝑄𝑄𝑄 , 𝑡𝑡⊥ � for our given case via the measured SL lattice parameters and period.

Using Eqs. 5.4 & 5.5 we can get expressions for number of monolayers as follows:
𝑆𝑆𝑆𝑆
−𝑎𝑎⊥ )
(𝑎𝑎⊥

Eq. 5.6

�𝑎𝑎⊥𝑄𝑄𝑄𝑄 − 𝑎𝑎⊥𝑆𝑆𝑆𝑆 �

Eq. 5.7

𝑁𝑁 𝑄𝑄𝐷𝐷 = 2𝑡𝑡⊥𝑆𝑆𝑆𝑆
𝑁𝑁

𝑆𝑆𝑆𝑆

=

2𝑡𝑡⊥𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆
𝑄𝑄𝑄𝑄 𝑄𝑄𝑄𝑄
𝑎𝑎⊥ �𝑎𝑎⊥ −𝑎𝑎⊥ �

𝑆𝑆𝑆𝑆

𝑄𝑄𝑄𝑄

𝑆𝑆𝑆𝑆

𝑎𝑎⊥ �𝑎𝑎⊥ − 𝑎𝑎⊥ �
𝑄𝑄𝑄𝑄

Inserting Eqs. 5.6, 5.7 & 5.3 back into Eq. 5.2, an expression in which 𝑎𝑎⊥ is the only

unknown parameter can be formulated:
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�𝑎𝑎⊥𝑆𝑆𝑆𝑆

−

𝑎𝑎∥𝑆𝑆𝑆𝑆 �

= �1 + 2
𝑄𝑄𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄

𝑄𝑄𝑄𝑄

𝛼𝛼𝑎𝑎
� 0

𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆 𝑄𝑄𝑄𝑄𝑄𝑄

𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆 � ×

𝛽𝛽𝑎𝑎⊥ 𝐶𝐶11 + 𝑥𝑥𝑎𝑎0 𝐶𝐶11
𝑆𝑆𝑆𝑆

+ 𝑥𝑥𝑎𝑎0
− 𝑎𝑎∥𝑆𝑆𝑆𝑆 �
𝛼𝛼 + 𝑥𝑥
𝑄𝑄𝑄𝑄𝑄𝑄

Here 𝑥𝑥 = 𝑎𝑎⊥ �𝑎𝑎⊥ − 𝑎𝑎⊥𝑆𝑆𝑆𝑆 �, 𝛼𝛼 = 𝑎𝑎0

calculated from 𝑎𝑎∥

Eq. 5.8

𝑆𝑆𝑆𝑆 𝑄𝑄𝑄𝑄𝑄𝑄
𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆
𝛽𝛽𝑎𝑎⊥ 𝐶𝐶12 + 𝑥𝑥𝑎𝑎0 𝐶𝐶12

𝑆𝑆𝑆𝑆

𝑄𝑄𝐷𝐷𝑠𝑠

�𝑎𝑎⊥𝑆𝑆𝑆𝑆 − 𝑎𝑎0 �, 𝛽𝛽 = 𝑎𝑎0

𝑆𝑆𝑆𝑆

𝑄𝑄𝑄𝑄𝑄𝑄

�𝑎𝑎⊥𝑆𝑆𝑆𝑆 − 𝑎𝑎⊥ �; 𝑎𝑎⊥

can be
𝑄𝑄𝑄𝑄𝑄𝑄

via an equation similar to Eq. 5.2. Eq. 5.8 can be solved for 𝑎𝑎⊥ and

ultimately for 𝑁𝑁 𝑄𝑄𝑄𝑄𝑄𝑄 , 𝑁𝑁𝑆𝑆𝑝𝑝 and for the thicknesses of both QDs and spacer. The out-of plane lattice
𝑄𝑄𝑄𝑄𝑄𝑄

parameter for the QDs is calculated to be 𝑎𝑎⊥

= 7.037 Å. Comparing this (7.03Å) for a fully

strained CdTe on InP (7.33Å) we estimate a relaxation of the CdTe in the SL to be 35%. This value
does not change much when varying the spacer strain within the range of our experiments. But,
by varying the strain within the spacer layer the fractional coverage of the CdTe QDs changes in
our calculation significantly as illustrated in Figure 5.4. The effective number of monolayers varies
from 0.66 to 0.76. In both scenarios (strained and unstrained spacer) the average thickness is
submonolayer in quantity for the CdTe QDs.

Figure 5.4 QD height (in monolayers) and effective QD thickness are plotted with respect to the
strain of the spacer. Sub-monolayer quantities are found to explain the experimental data.
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Figure 5.5 (a) Low temperature intensity dependent PL from the QDs as well from the ZnCdSe
spacer and buffer region. The inset illustrates the type-II band alignment in which holes are confined
within the QDs and electrons within ZnCdSe spacer. (b) Plot of peak position of the QD PL as a
function of excitation intensity, exhibiting a 1/3 power law fit. The energy of the ZnCdSe peak is
plotted for comparison. (Inset) Intensity dependent PL measurement confirms the type-II band
alignment between QDs and host material.

5.4 Optical Characterization
5.4.1 Intensity Dependent PL
In order to investigate the suitability of the structure for an IB-SC, we measured its
luminescent properties. Figure 5.5(a) shows the PL spectrum of the structure taken at 75K. PL
emission was acquired by exciting the sample using a 50 mW 405 nm diode laser and the collected
PL was analyzed with a HR4000 Ocean Optics spectrometer. In Figure 5.5(a) two peaks can be
identified from the spectrum. A sharp peak around 2.04eV is due to the ZnCdSe spacer and buffer
layers. The difference in energy from that for a lattice matched Zn0.51Cd0.49Se to InP, which has a
bandgap energy around 2.1eV, is to be expected as the buffer layer was grown under slightly Cd
rich conditions, as indicated by the XRD [107]. A broad peak observed at lower energies, centered
around 1.86eV, is due to the CdTe quantum dots within ZnCdSe host. Such a broad peak is
reasonable due to the type-II nature of the recombination process [86], as well as possible
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contribution from the electron-phonon scattering as previously observed in a similar system [108].
Juxtaposed is a spectrum taken with lower excitation intensity and a noticeable shift to lower
energy of the QDs is observed of up to 40 meV is observed.
Intensity dependent PL shown in Figure 5.5(b) was taken to verify the type-II band
alignment for the low energy peak. In a type- II heterostructure, with higher excitation intensity
an increased flux of electrons is promoted into the conduction band, creating a band bending effect
at the interface between the QDs and the host material. The staggered band alignment between the
two materials forms a triangular potential well at this interface in which the energy scales as a
function of the cube root of the excitation intensity [109]. In the inset in Figure 5.5(b), the peak
position shift is plotted for the QDs and the ZnCdSe spacer. There is a clear shift in energy with
excitation power for the QD PL that fits very well with a 1/3 power law fit, whereas the peak of
the maximum excitation position of the ZnCdSe does not change with intensity. At the lowest
excitation intensity, assuming a flat band potential between the QDs and the host material, a
difference in energy of ~200 meV is observed between the band to band transition in the barrier
layer (2.04 eV) and the type II transition arising from the QDs. This value suggests that the QDs
in our structure are very small, thus shifting the confined hole energy level to near the VB edge of
the ZnCdSe spacer.
Using Vegard’s law and the known band alignments for these two materials, the
bandstructure for the QD region is approximated in the Figure 5.6(a). There is a large valence band
offset of 0.86 eV between ZnCdSe and CdTe and the large quantum confinement of the holes due
to their very small size gives rise to the observed 200 meV energy difference. Increasing the size
of the dots will allow the confined energy level of the QDs to shift closer to the CdTe valence
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(a)

Unstrained

(b)

Strained

Figure 5.6 (a) Schematic band diagram between unstrained CdTe and ZnCdSe lattice matched
to InP. (b) Band energy diagram from calculated values of composition ascertained from HRXRD and takin into account for effects of strain.

band edge, thus reducing the type-II transition energy and increasing the energy difference
between the QDs and the host material to the desired 0.5 – 0.7 eV. The large VBO of 0.86 eV
provides sufficient tunability of the confinement energy in order to achieve these values.

5.4.2 Energy Calculations
Since the heavy hole energy level also depends strongly on the strain of the QD within the
host material, strain effects must be considered. Due to the high lattice mismatch, between ZnCdSe
and CdTe, biaxial compressive strain gives rise to hydrostatic strain component and to a first order
approximation, there is a spitting of the light and heavy hole levels due to the shear component of
the strain that can be calculated by standard deformation potential theory [112]. The equation
below calculates the new heavy hole (HH) energy due to strain,

89

𝑏𝑏
Δ𝐸𝐸ℎℎ = 𝑎𝑎𝜈𝜈 �𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 + 𝜀𝜀𝑧𝑧𝑧𝑧 � + �𝜀𝜀𝑥𝑥𝑥𝑥 + 𝜀𝜀𝑦𝑦𝑦𝑦 − 2𝜀𝜀𝑧𝑧𝑧𝑧 �
2

Eq. 5.9

where 𝑎𝑎𝜈𝜈 is the linear hydrostatic deformation potential for the valence band maxima and 𝑏𝑏 is the
shear uniaxial deformation potential. The strain components are given by,
𝜀𝜀 = 𝜀𝜀𝑥𝑥𝑥𝑥 = 𝜀𝜀𝑦𝑦𝑦𝑦 =
and

𝜀𝜀𝑧𝑧𝑧𝑧 =

𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆. − 𝑎𝑎𝑄𝑄𝑄𝑄𝑠𝑠
𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆.

−2𝐶𝐶12 𝜀𝜀
.
𝐶𝐶11

Eq. 5.10

Eq. 5.11

Typically, compressive strain increases the band gap of the material and depending on how
large the strain is, it could significantly increase the VBO in a heterostructure. In our case this is
highly desirable and allows for another tuning parameter to obtain the idealized value for the IB
band. Due to the large lattice mismatch between the CdTe QDs and the spacer regions a large shift
in the heavy hole energy can ultimately be observed that would be beneficial in being able to tune
the energy level of the IB band. From our calculation in HR-XRD, we find that the QDs are
partially relaxed (35%). Thus, we find the VBO is now ~ 1.0 eV. The HH energy is calculated,
using self-consistent variational calculation of the Schrödinger equation [113], for a single
monolayer of CdTe under these strain conditions, to be 289 meV, illustrated in Figure 5.6(b). This
is within close agreement of our PL results. It should be noted that the overall strain of the structure
can be easily offset by strain compensation in the spacer regions without sacrificing the benefits
of the strain of the QDs on the resulting bandstructure.
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5.4.3 Contactless Electroreflectance
In order to directly probe the electronic structure of the QD material, photoreflectance (PR)
has been measured by other groups previously to characterize IB-SC device [114]. Like PR, CER
is a sensitive contactless method, capable of determining the electronic structure of complex
material systems. In Figure 5.7(a) we show prototypical scan of a ZnCdSe epi-layer grown on a
InP substrate as reference. The spectrum is composed of two features, bandgap transition at 2.13
eV and spin orbit (S.O) band to CB otpical transition at 2.57eV [115]. In Figure 5.7(b) CER plot
of a CdTe/ZnCdSe QD SL (sample CDI 359) at RT and LT (77K). A corresponding band to band
transition is observed of the ZnCdSe Eg of 2.1eV at RT. At higher energies periodic dampened
features overlap the spectrum distorting any other optical transitions due to Franz-Keldysh
oscillations [116]. At lower temperatures these features are no longer observed shown in Figure
5.7(c), and the critical transitions are better resolved. A peak at 2.45 eV is attributed to the S.O to
VB transition of ZnCdSe. In Figure 5.7(d) we show band energy alignment of where we believe
the optical transition IB will occur. The inset in Figure 5.7(c) shows the optical transition of the
IB material by focusing around the energy slightly above the above band gap of the ZnCdSe host.
A small oscillation around 2.18eV observed that is attributed to the IB band absorption.
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Figure 5.7 (a) CER spectrum of a ZnCdSe epilayer grown on InP measured at room temperature
(RT). (b) CER spectrum of CdTe/ZnCdSe QD SL at RT and (c) at 77K. (d) Band alignment of
CdTe QDs with respect to ZnCdSe spacer and observed optical transitions for PL and CER.
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5.5 Conclusion
We have successfully grown submonolayer CdTe QDs with in a ZnCdSe host. These
materials have interesting properties that could be used towards an IB-SC. There exist a large VBO
offset between CdTe and the host material that can be tuned with strain. To have an accurate
understating of the strain of the QDs we used HR-XRD to analyses the superlattice structure. We
found that the dots were partially relaxed, and their fractional coverage depended on the strain
within the spacer region. Even though the dots had some degree of relaxation or calculations show
that we are to expect an increase in the VBO of 140 meV, which is helpful towards tuning the IB
level to the desired energy of 0.7eV. From the PL measurements and energy calculations we
concluded that the dots in the current structure are too small (~1 monolayer in height) and thus the
growth must be modified to achieve larger (thicker) dots. We have previously shown in related
materials that the size and distribution of QDs can be controlled by adjusting the MEE growth
parameters [84].
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Chapter 6
Summary and Future Directions
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6.1 Summary of findings
The objective of this study was to harness the growth of II-VI type-II submonolayer QD
superlattices and to demonstrate the feasibility of these unique nanostructures for novel
applications. The properties afforded by their type-II nature and their materials properties provide
possible advantages in quantum information systems and photovoltaics. Below is a summary of
the key findings presented in this thesis:
In Chapter 3 we reported the growth of three ZnTe/ZnSe QD SL structures with varying
Te concentration as a first step to explore their electron spin dyanmics. We were able to be grow
the QD SL with varying size distribution of QDs based on the shutter sequence and growth
parameters, and the PL showed evidence of the presence of type-II ZnTe QDs embedded in a ZnSe
matrix as well as Te iso-electronic centers as a result of the growth. TRKR measurements showed
that the electron spin coherence lifetime was longer in samples with larger QDs. Electron spin
lifetimes of up to 1 ns were observed due to the long carrier recombination lifetime in these typeII structures. Spectral analysis of the TRKR measurements allowed us to identify different
excitonic complexes and study their respective spin dynamics. In doing so we were able to
investigate for the first time the spin dynamics of Te-isoelectronic centers in ZnSe. We also
observed that at lower temperatures the spin lifetime decreases. This behavior has been attributed
to strong electron-hole coupling in II-VI materials, which is enhanced at lower temperatures. A
motional narrowing effect is attributed to increased lifetime at higher temperatures. Trying to
probe QDs directly at lower pump and probe energies did not yield any signal. A similar
phenomenon is observed in photoluminescence excitation experiments.
Possible future considerations for the study of the spin dynamics of the system is to grow
a special sample consisting of only one or a few layers that are separated from each to probe either
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individual QDs or isoelectronic centers. Using micro-PL and confocal microscopy one may be
able to isolate individual QDs and address them individually.
In Chapter 4 the growth and characterization of QD SL consisting of ZnCdTe/ZnCdSe QDs
for the potential use in and IB-SC was investigated. The mechanisms for the formation of a
deleterious IL that occurred at the interface between the ZnCdTe QDs and ZnCdSe spacer region
were identified. Cd displacement by Zn and Cd desorption during the MEE cycle led to the
formation of undesirable IL composed of ZnSe. A series of growths were presented to address the
IL formation in which the MME shutter sequence was modified. An optimized shutter sequence
was found: Cd only termination of the ZnCdSe spacer and a shorter wait time before the start of
the MEE cycle. Analyses of the HR-XRD data showed a significant reduction of the IL for samples
with the optimized shutter sequence. Compared to the un-optimized samples the need for strain
balancing in the samples grown by the modified sequence is greatly reduced, making the growth
of ZnCdTe/ZnCdSe QD SL for IB-SC less complicated.
The work presented in Chapter 4 led us to consider the possibility of CdTe QDs as potential
IB material, which was the topic of Chapter 5. Although there exists a large compressive strain
between the ZnCdSe host material and the proposed CdTe QDs, a high quality QD SL was grown
and experimentally verified by HR-XRD. Based on the SL (0) peak, the layer was found to be
under compressive strain with respect to the substrate and the spacer material. Thus, we were
successful in eliminating the formation IL between the QDs and spacer regions. Sharp and strong
higher order SL peaks were observed indicating high quality flat interface throughout the SL.
Using the symmetric and asymmetric XRD reflections we were able to calculate the size and strain
distribution within the QDs. This also led us to confirm that fractional layer coverage occurred
under these growth conditions, as needed for sub-monolayer QD formation. Our finding showed
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the dots were partially relaxed and under compressive strain. The compressive strain present in
the QDs was enough to modify the band structure, making it favorable in the formation of the IB
by increasing the VBO and the host material. Another added benefit of using CdTe QDs is the
large reduction of the CBO between the QDs and the spacer material reducing any scattering
electrons. PL and CER were used to optically characterize the sample and determine the presence
of an IB. The high confinement of the QDs place the hole states at a measured value of 0.21eV
from the bottom of the VB, not as large as the ideal energy level of 0.5-0.7eV. Based on our
experimental results we propose that an enhancement in the absorption energy can be achieved by
growing thicker QDs, which can be accomplished by adjusting the growth conditions

6.2 Future Directions
These results could proceed along several different directions. An important one is the
demonstration of a prototype IB-SC, with high efficiency, using the new materials. What follows
is a tentative plan and some preliminary results that we have achieved towards this end. It has been

Figure 6.1 Ideal band line up for a IB-SC, made of up ZnCdSe n-type region, an IBM of CdTe QDs
in a ZnCdSe host and ZnSeTe p-type contact layer. The possible band to band transitions are labeled
(a) VB to CB, (b)IB to CB and (c)VB to IB.
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shown by S. Boyer-Richard et al. [117], that a type-II short-period SL can be used to mimic the
desired band alignment of an ideal photovoltaic device, as this cannot be done with semiconductors
with a type-I band alignment. Here we show a proposed P-I-N structure in Figure 6.1, based on
the CdTe/ZnCdSe type-II QD materials that can match this optimal band structure. The conduction
band of the n-type layer is to be aligned with the conduction band of the intermediate band material
(IBM) while forming a barrier for holes in the valence band. Analogously, the p-type layer valence
band shall be aligned with the valence band of the IBM while forming a barrier for electrons in the
conduction band.
Several growths of IB-SCs were performed consisting of CdTe quantum dots, outlined in
Figure 6.2, to calibrate the growth of the device. A bottom contact layer consisting of ZnCdSe was
doped n-type using chlorine and grown lattice matched to an InP substrate. A p-type doped top
contact layer of ZnSexTe1-x is grown used nitrogen plasma source as the p-type dopant source.
Several samples were grown to satisfy these requirements.
From the X-Ray analysis of these samples, shown in Figure 6.2, we see that the SL(0) peak
is under compressive strain with respect to the substrate and the ZnCdSe host material, for all
samples. On the other hand, the attempted ZnSexTe1-x layer peak position shifts from being
essentially either composed of all ZnSe, x=1, or ZnTe, x=0. This variation is due to the preferential
incorporation of Se over Te during the growth, making precise compositional control of the two
group-VI elements challenging.
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Figure 6.2 HR-XRD along the (004) reflection for several IB-SC growth calibrations. Sample
CDI 359, CdTe/ZnCdSe SL is added as reference for comparison at the bottom of plot. Descriptions
of the device structures are labeled to the right of the plot.

In Figure 6.3 (a) & (b), the XRD plots for three samples grown with different ZnSexTe1-x
compositions are shown. A small change in the valve tip opening of the Se effusion cell, from
~18% to 22% changes the composition drastically. Future calibrations can be made to be
successful by adjusting the beam equivalent pressure ratio (BEP) of Se to Zn during growth. A
desired BEP of 2:1 ration of Zn to Se will ensure that only half of the Zn bonds to Se, while
growing under Te-rich conditions with the Te BEP larger than that of Zn. The excess Te is
desorbed and simply maintains group VI rich conditions at the growth surface.
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Figure 6.3 HR-XRD plots along the (004) for ZnSexTe1-x calibration samples. (a) Sample CDI 399
grew ZnSe rich with no Te incorporation ZnSeTe alloy. (b) A small decrease in the valve tip opening
of the Se effusion cell changed the composition drastically making it the sample grown under
compressive strain.

(a)

(b)

Figure 6.4 (a) HR-XRD plots along the (004) OF strain balanced IB-SC device structure sample
CDI 463. (b) XRD plots focused around InP substrate peak, the plot in red is for a sample with
etched away substrate and is compared to an unetched sample in blue. Etching away the substrate
allows us to to identify the SL(0) of the IB-material.
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Taking a closer look at sample CDI 463, which is grown with a strain compensated QD SL one
can see that the SL is near-lattice matched to the InP substrate [Figure 6.4(a)], as desired.
In the previously studied strain compensated QD SLs described in Chapter 3 of this thesis,
the ZnCdSe spacer region had to be grown under Cd rich conditions to compensate for the ZnSerich IL [118]. This required a detailed understating of the formation of the IL and how to account
for it, which was difficult, given the spontaneous nature of the IL formation. By contrast, in these
samples a Zn-rich spacer is needed to compensate only for the CdTe quantum dots, whose strain
can more easily be accounted for. To verify the peak position of the SL the InP substrate and
InGaAs buffer were preferentially etched, and the sample was measured without a substrate.
Details of the etching process used can be found in Ref. [119]. In Figure 6.4(a) the XRD plot
shows the peak position of the SL(0) is embedded in the peak attributed to the ZnCdSe:Cl bottom
contact layer. This is shown in Figure 6.4(b).
To evaluate the quality and composition of the IB-SC etch PL measurements were
performed. Due to the thick p-type upper contact layer optical characterization by PL of the buried
layers is difficult to observe. By exposing the material to a bromine methanol etch at the surface,
this exposes the layers below to perform PL measurements. The results are shown in Figure 6.5(a).
Measured on the as grown sample at an etching time t=0, the PL is dominated by a broad peak
luminesce due to a deep level emission from the p-type contact layer, which is highly strained, and
not yet optimized. The PL form this layer is no longer observed after 10 sec of etching, at which
point the PL originates from the IB QD layer. A sharp peak around 2.13 eV can either be from
ZnCdSe spacer region or the bottom contact layer below it. A broad peak at around 2.00eV is
observed. To confirm the validity of the presence of QDs intensity dependent PL was done on this
peak. In Figure 6.5(b) a peak shift is observed with higher excitation intensity indicative a type-II
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QDs. The detailed origin of this peak is still under investigation as it exhibits only a small energy
difference, 130meV, between the QDs and the spacer region. The small energy difference suggests
this emission can be a combination of QD emission and Te iso-electronics centers that may be
present. After further etching (1 minute) only the bottom contact layer is exposed showing a high
quality ZnCdSe:Cl centered around 2.15 eV with no significant deep level. Based on this
characterization, we consider this sample to be a good initial candidate from which to fabricate a
solar device. However, further improvements in the top contact layer growth, confirmation of the
type II IB energy and confirmation of the p- and n-type character of the two contact layers are
still needed.

Figure 6.5(a) Etch PL plot from sample CDI 463 at 77K. The schematic on the right shows the
different regions in which the PL spectrum is acquired after being exposed to a bromine methanol
etch for different time periods. (b) Intensity dependent PL of peak around 2.0eV, a blue shift in
energy with higher excitation intensity is indicative of type-II QDs.
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Based on these initial accomplishments, as well as the remaining challenges of this work,
a list of next steps for improvements on the preliminary results are listed below:
Growth of IB-SC:
 A more systematic study has to be done on the growth and optimization of the CdTe QDs. One of
the most critical parameters in the formation of the sub-monolayer QD growth is the flux of Te
[84]. A series of samples should be grown varying from high to low Te flux, to map out the
conditions from the formation of fractional layers to complete monolayers forming QWs.
 Calibration of the growth and doping of ZnSeTe layer should be done, to be lattice matched to the
InP substrate.
 A larger number of QD SL periods should be attempted to enhance the absorption from the IB
material. This will require the for the IBM to be strain balanced with respect to the substrate so as
to not form any strain reducing defects for thicker layers.
 The use of an InAlAs layer lattice matched to InP can be used rather than the InGaAs buffer
currently used. The larger bandgap and the incorporation of InAlAs will not interfere, as InGaAs
does, with the characterization of the IBM specifically in two photon absorption measurements.

103

References:
[1] R. P. Feynman, “There’s plenty of room at the bottom,” Engineering Science 23(22) (1960).
[2] F. Flory, L. Escoubas, G. Berginc, “Optical properties of nanostructured materials: a review,”
J. of Nanophotonics, 5(1), 052502 (2011).
[3] R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha, L. M. K. Vandersypen, “Spins in fewelectron quantum dots,” Rev. Mod. Phys. 79, 1217 (2007).
[4] Michael H. Kolodrubetz, J. R. Petta, “Coherent Holes in a Semiconductor Quantum Dot,”
Science (2009).
[5] D. DiVincenzo Fortschr, “The Physical Implementation of Quantum Computation,” Phys. 48,
771 (2000).
[6] J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby, M. D. Lukin, C. M. Marcus,
M. P. Hanson, A. C. Gossard “Coherent Manipulation of Coupled Electron Spins in
Semiconductor QuantumDots," Science: Vol. 309, Issue 5744, pp. 2180-2184 (Sep 2005).
[7] F. Jelezko, J. Wrachtrup, “Single defect centres in diamond: A review,” Physica Status Solidi
(a), vol. 203, no. 13, pp. 3207–3225, (Oct 2006).
[8] S. Ritter, C. Nölleke, C. Hahn, A. Reiserer, A. Neuzner, M. Uphoff, M. Mücke, E. Figueroa,
J. Bochmann, and G. Rempe, “An elementary quantum network of single atoms in optical cvities,”
Nature, vol. 484, no. 7393, (Apr 2012).
[9] F. Heisterkamp, E. A. Zhukov, A. Greilich, D. R. Yakovlev, V. L. Korenev, A. Pawlis, M.
Bayer, “Longitudinal and transverse spin dynamics of donor-bound electrons in fluorine-doped
ZnSe: Spin inertia versus Hanle effect,” Phys. Rev. B 91, 235432 (June 2015).

104

[10] P. St-Jean, G. Éthier-Majcher, R. André, S. Francoeur, High-Fidelity and Ultrafast
“Initialization of a Hole Spin Bound to a Te Isoelectronic Center in ZnSe,” Phys. Rev. Lett. 117,
167401 (Oct 2016).
[11] A. Greilich, A. Pawlis, F. Liu, O. A. Yugov, D. R. Yakovlev, K. Lischka, Y. Yamamoto, and
M. Bayer, “Spin dephasing of fluorine-bound electrons in ZnSe,” Phys. Rev. B 85, 121303(R)
(March 2012).
[12] D. J. Sleiter, K. Sanaka, Y. M. Kim, K. Lischka, A. Pawlis and Y. Yamamoto, “Optical
Pumping of a Single Electron Spin Bound to a Fluorine Donor in a ZnSe,” Nanostructure Nano
Lett. 13, 116 (2013).
[13] P. St-Jean, G. Éthier-Majcher, R. André, S. Francoeur, “High-Fidelity and Ultrafast
Initialization of a Hole Spin Bound to a Te Isoelectronic Center in ZnSe,” Phys. Rev. Lett. 117,
167401 (Oct 2016).
[14] A. Martí, A. Luque, “The Quantum Dot Intermediate Band Solar Cell, Next Generation of
Photovoltaics: New Concepts,” 001907-001912. (2011).
[15] A. Luque, A. Martí, “Increasing the Efficiency of Ideal Solar Cells by Photon Induced
Transitions at Intermediate Levels,” Physical Review Letters 78, 5014–5017 (June 1997).
[16] S. Dhomkar, U. Manna, L. Peng, R. Moug, I.C. Noyan, M.C. Tamargo, I.L. Kuskovsky,
“Feasibility of submonolayer ZnTe/ZnCdSe quantum dots as intermediate band solar cell material
system,” Solar Energy Materials & Solar Cells, 117 604-609 (2013).
[17] S. Dhomkar, U. Manna, I.C. Noyan, M.C. Tamargo, I.L. Kuskovsky, “Vertical correlation
and miniband formation in submonolayer Zn (Cd) Te/ZnCdSe type-II quantum dots for
intermediate band solar cell application,” Applied Physics Letters 103 18, 181905 (2014).

105

[18] C.M. Imperato, G.A. Ranepura, L.I. Deych, I.L. Kuskovsky, “Theoretical Determination of
Optimal Material Parameters for ZnCdTe/ZnCdSe Quantum Dot Intermediate Band Solar Cells,”
Journal of Electronic Materials,47 4325–4331 (2018).
[19] S.D. Bader and S.S.P. Parkin, “Spintronics,” Annual Review of Condensed Matter
Physics 1:1, 71-88 (April 2010).
[20] S.D. Sarma, J. Fabian, X. Hu, I Z̆utić, “Spin electronics and spin computation,” Solid State
Communications, 119(4):207-215 (May 2001).
[21] S. Wolf, D.M Treger, A. Chtchelkanov, “Spintronics: The Future of Data Storage?,” MRS
Bulletin 31 10.1557/ (2006).
[22] C. Chappert, A. Fert, F. Nguyen van Dau, “The emergence of spin electronics in data storage,”
Nature Mater. 6, 813–823 (Nov 2007).
[23] R. P. Feynman, “Simulating physics with computers, International Journal of Theoretical,”
Physics, vol. 21, no. 6-7, (1982).
[24] F. Bloch, “Nuclear Induction,” Phys. Rev. 70, pp. 460–474 (Oct 1946)
[25] F. Meier, B. P Zakharchenya, eds, “Optical Orientation,” Elsevier, Amsterdam, (1984).
[26] Y. G. Kusrayev, “Optical orientation of excitons and carriers in quantum dots,” Semicond.
Sci. Technol. 23 114013 (2008).
[27] D.T. Pierce and F. Meier, “Photoemission of spin-polarized electrons from GaAs,” Phys. Rev.
B 13 5484 (June 1976).
[28] J.A. Reimer, “Nuclear hyperpolarization in solids and the prospects for nuclear spintronics,”
Solid State Nuclear Magnetic Resonance 37, 1–2, (April 2010).
106

[29] I. Bloch, “Quantum coherence and entanglement with ultracold atoms in optical lattices,”
Nature vol. 453, 1016–1022 (2008).
[30] R. J. Elliott, “Theory of the Effect of Spin-Orbit Coupling on Magnetic Resonance in Some
Semiconductors,” Phys. Rev. 96, 266–279 (1954). Y. Yafet, “g-factors and spin-lattice relaxation
of conduction electrons,” Sol. St. Phys. 14, 1–98 (1963).
[31] M.I. Dyakonov, V.I. Perel, Spin orientation of electrons associated with the interband
absorption of light in semiconductors, Sov. Phys. JETP 33, 1053(1971).
[32] M.I. Dyakonov, “Spin relaxation of conduction electrons in noncentrosymmetric
semiconductors,” V.I. Perel, Fiz. Tverd. Tela 13, 3581; Sov. Phys. Solid State 13, 3023 (1972).
[33] G.I. Bir, A.G. Aronov and G.E. Pikus, “Spin relaxation of electrons due to scattering by
holes,” Z. Eksp. Teor. Fiz. 69, 1382; Sov. Phys. JETP42, 705 (1976).
[35] S.R. Dhariwal, R.K. Mathur, D.R. Mehrotra, S. Mittal, “The physics of p-n junction solar
cells operated under concentrated sunlight,” Solar Cells Volume 8, Issue 2, Pages 137-155 (March
1983)
[36] P.T. Landsberg, “Recombination in Solar Cells: Theoretical Aspects,” Photovoltaic and
Photoelectrochemical Solar Energy Conversion pp 1-66 (1981).
[37] T. Tayagaki, Y. Hoshi, and N. Usami, “Investigation of the open-circuit voltage in solar cells
doped with quantum dots,” Sci Rep. 3: 2703 (2013).
[38] B. Lipovšeka, F. Smole, M. Topič, I. Humar, and A.R. Sinigoj, “Driving forces and chargecarrier separation in p-n junction solar cells,” AIP Advances, Vol 9, Issue 5 (May 2019)
[39] M. Wolf, “Limitations and possibilities for improvements of photovoltaic solar energy
converters,” Proc. IRE 48: 1246-1263 (1960).
107

[40] I. Ramiro, A. Marti, E. Antolin, A. Luque, “Review of Experimental Results Related to the
Operation of Intermediate Band Solar Cells,” Journal of. Photovoltaics, IEEE 4. 736-748 (March
2014).
[41] Z. Arefinia, “Modelling of Intrinsic Loss Processes in the Intermediate Band Solar
Cells,” Zeitschrift für Naturforschung A, 74 (1) (Oct 2019).
[42] A. Martí, N. López, E. Antolín, E. Cánovas, A. Luque, C. R. Stanley, C. D. Farmer, P. Díaz,
“Emitter degradation in quantum dot intermediate band solar cells,” Appl. Phys. Lett., vol. 90, p.
233510, (2007).
[43] N. Koguchi, S. Takahashi, and T. Chikyow, “New MBE growth method for InSb quantum
well boxes,” J. Cryst. Growth 111, 688 (May 1991).
[44] W.C. Fana, W.C. Choua, J.D. Leea, L. Leeb, N. D. Phuc, L. H. Hoangc, “Study of extending
carrier lifetime in ZnTe quantum dots coupled with ZnCdSe quantum well,” Physica B: Condensed
Matter Volume 532, 1 Pages 195-199 (March 2018).
[45] S. Dhomkar, I.L. Kuskovsky, U. Manna, I.C. Noyan, M.C. Tamargo “Optimization of growth
conditions of type-II Zn (Cd) Te/ZnCdSe submonolayer quantum dot superlattices for intermediate
band solar cells,” Journal of Vacuum Science & Technology B 31, 03C119 (2013).
[46] R.F.C. Farrow, “Molecular Beam Epitaxy: Applications to Key Materials,” Elesvier Science
(Dec 1995).
[47] O. Bierwagen, “Growth and anisotropic transport properties of self-assembled InAs
nanostructures in InP,” (June 2007).
[48] E. Hulicius, V. Kubeček, “Semiconductor lasers for medical applications,” Lasers for Medical
Applications, Pages 222-250 (2013).

108

[49] R. P. Vasquez, B. F. Lewis, and F. J. Grunthaner, “Cleaning chemistry of GaAs (100) and
InSb (100) substrates for molecular beam epitaxy,” Journal of Vacuum Science & Technology B:
Microelectronics Processing and Phenomena 1, 791 (1983).
[50] D. E. Aspnes, J. P. Harbison, A. A. Studna, and L. T. Florez, “Optical reflectance and electron
diffraction studies of molecular-beam-epitaxy growth transients on GaAs (001)” Phys. Rev. Lett.
59, 1687 (Oct 1987).
[51] K. Park, K. Alberi, “Tailoring Heterovalent Interface Formation with Light,” Sci. Rep.
17;7(1):8516 (2017).
[52] L. Chuah, Z. Hassan and H. Abu Hassan, “Optical characterization of GaN thin film grown
on Si (111) by radio-frequency plasma-assisted molecular beam epitaxy,” (2019).
[53] J.S. Song, D.C. Oh, H. Makino, T. Hanada, M.W. Cho, T. Yao, Y.G. Park, D. Shindo, J.H.
Chang, “Reduction of stacking faults in the ZnSe/GaAs heterostructure with a low-temperaturegrown ZnSe buffer layer,” Journal of Vacuum Science & Technology B: Microelectronics and
Nanometer Structures 22, 607 (2004).
[54] Y. Horikoshi, “Advanced epitaxial growth techniques: atomic layer epitaxy and migrationenhanced epitaxy,” Journal of Crystal Growth Volumes 201–202, May 1999, Pages 150-158 (May
1999)
[55] I. Hernández-Calderón, “Chapter 14 - Epitaxial growth of thin films and quantum structures
of II–VI visible-bandgap semiconductors,” Molecular Beam Epitaxy, Pages 311-346 (2013).
[56] R. D. Dupuis, P.D. Dapkus, N. Holonyak Jr., E. A. Rezek, R. Chin “Room‐temperature laser
operation of quantum‐well Ga(1−x)AlxAs‐GaAs laser diodes grown by metalorganic chemical
vapor deposition,” Appl. Phys.Lett. 32, 295 (1978).

109

[57] W.T. Tsang, “Extremely low threshold (AlGa)As modified multiquantum well
heterostructure lasers grown by molecular‐beam epitaxy,” Appl. Phys. Lett. 39, 786 (1981).
[58] P. J. Dobson, B. A. Joyce, J. H. Neave and J. Zhang, “Current understanding and applications
of the RHEED intensity oscillation technique,” J. Cryst. Growth 81, 1 (Feb 1987).
[59] http://users.uj.edu.pl/~ufpostaw/2_Pracownia/D1/powierzchnie_cial_stalych_eng.htm
[60] A. Y. Cho and J. R. Arthur, “Molecular beam epitaxy,” Prog. Solid State Chem. 10, 157
(1975).
[61] H.H. Farrell, M.C. Tamargo, J.H. de Miguel, F.S. Turco, D.M. Hwang, and R.E. Nahory,
““Designer’’ interfaces in II‐VI/III‐V polar heteroepitaxy,” J. Appl. Phys. 69, 7021 (1991).
[62] K. Yamaguchi, “Self-Formation of Semiconductor Quantum Dots,” M. Ohtsu (eds) Handbook
of Nano-Optics and Nanophotonics. Springer, Berlin, Heidelberg p. 811 (2013)
[63] T. Sakamoto, “Rheed Oscillations in MBE and Their Applications to Precisely Controlled
Crystal Growth,” P. Dhez, C. Weisbuch (eds) Physics, Fabrication, and Applications of
Multilayered Structures. Springer, Boston, MA p 93-110 (1988).
[64] https://en.wikipedia.org/wiki/Laue_equations
[65] T. Yokogawa, H. Sato, and M. Ogura, “Dependence of elastic strain on thickness
for ZnSe films grown on lattice-mismatched materials,” Appl. Phys. Lett., vol. 52, pp. 1678{1680,
(1988).
[66] G. Horsburgh, K. A. Prior, W. Meredith, I. Galbraith, B. C. Cavenett, C. R. Whitehouse, G.
Lacey, a. G. Cullis, P. J. Parbrook, P. Mock, and K. Mizuno, “Topography measurements of the
critical thickness of ZnSe grown on GaAs,” Appl. Phys. Lett., vol. 72, pp. 3148{3150, (1998).

110

[67] J. I. Pankove, “Optical Process in Semiconductors”, Dover Publications Inc, New
York., (1975).
[68] N.N. Ledentsov, J. Bhohrer, M. Beer, F.Heinrichsdor, M. Grundmann, D. Bimberg, S. V.
Ivanov, B. Y. Meltser, S. V. Shaposhnikov, I. N. Yassievich, N. N. Faleev, P. S. Kop'ev, and Z. I.
Alferov, “Radiative states in type-II GaSb/GaAs quantum wells," Phys. Rev. B, vol. 52, pp.
14058{14066, (1995).
[69] Y. S. Chiu, M. H. Ya, W. S. Su, and Y. F. Chen, “Properties of photoluminescence in type-II
GaAsSb/GaAs multiple quantum wells,” J. of App. Physics Vol 92, Num 10 1 (Nov 2002).
[70] Y. Gu, I. L. Kuskovsky, M. van der Voort, G. F. Neumark, X. Zhou, and M. C. Tamargo,
“Zn−Se−Te multilayers with submonolayer quantities of Te:

Type-II quantum structures and

isoelectronic centers,” Phys. Rev. B 71, 045340 (Jan 2005).
[71] F. H. Pollak, “Handbook on Semiconductors”, vol. 2, ed. M. Balkanski, Amsterdam, NorthHolland, p. 527 (1994).
[72] E. Cánovasa, N. Martía, E. Lópeza, P.G. Antolína, C.D. Linaresa, C.R. Farmerb, A. Stanley
A. Luquea, Thin Solid Films Volume 516, Issue 20, Pages 6943-6947 30 (Aug 2008).
[73] L. Jiang, A. Wang, B. Li, T. Cui & Y. Lu, “Electrons dynamics control by shaping
femtosecond laser pulses in micro/nanofabrication: modeling, method, measurement and
application,” Light: Science & Applications volume 7, page17134 (2018)
[74] P. J. Rizo, A. Pugzlys, A. Slachter, S.Z. Denega, D. Reuter, A .D. Wieck, P.H.M. van
Loosdrecht and C.H. van der Wal, “Optical probing of spin dynamics of two-dimensional and bulk
electrons in a GaAs/AlGaAs heterojunction system,” New Journal of Physics, Volume 12, (Nov
2010).
[75] https://en.wikipedia.org/wiki/Faraday_effect
111

[76] Spin Physics in Semiconductors, edited by M. I. Dyakonov (Springer, 2008).
[77] Merkulov, I. A., Efros, A. L. & Rosen, M. Electron spin relaxation by nuclei in semiconductor
quantum dots. Phys. Rev. B 65, 205309 (2002).
[78] F.H.L. Koppens, K.C. Nowack, and L.M.K. Vandersypen, “Spin echo of a single electron
spin in a quantum dot,” Phys. Rev. Lett. 100, 236802 (2008).
[79] X.M. Dou, B.Q. Sun, D.S. Jiang, H.Q. Ni, and Z.C. Niu, “Electron spin relaxation in a single
InAs quantum dot measured by tunable nuclear spins,” Phys. Rev. B 84, 033302 (2011).
[80] D. D. Awschalom, D. Loss, and N. Samarth (eds.), Semiconductor Spintronics and Quantum
Computation (Springer,Berlin, 2002).
[81] H. Mino, Y. Kouno, K. Oto, K. Muro, R. Akimoto, and S. Takeyama, “Optically induced
long-lived electron spin coherence in ZnSe∕BeTe type-II quantum wells,” Appl. Phys. Lett. 92,
153101 (2008).
[82] B. Roy, H.Ji, S. Dhomkar, F.J. Cadieu, L. Peng, R. Moug, M.C. Tamargo, Y. Kim, D.
Smirnov, and I.L. Kuskovsky, “Enhancement and narrowing of the Aharonov-Bohm oscillations
due to built-in electric field in stacked type-II ZnTe/ZnSe quantum dots: Spectral analysis,” Phys.
Rev. B 86, 165310 (2012).
[83] I.L. Kuskovsky, C. Tian, G.F. Neumark, J.E. Spanier, I.P. Herman, S.P. Guo, and M.C.
Tamargo, “Optical properties of δ-doped ZnSe:Te grown by molecular beam epitaxy: The role of
tellurium,” Phys. Rev. B 63, 155205 (2001).
[84] S. Dhomkar, H. Ji, B. Roy, V. Deligiannakis, A. Wang, M. C. Tamargo, and I. L. Kuskovsky,
“Measurement and control of size and density of type-II ZnTe/ZnSe submonolayer quantum dots
grown by migration enhanced epitaxy,” J. Cryst. Growth 422, 8 (2015).

112

[85] S.A. Crooker, D.D. Awschalom, and N. Samarth, “Time-resolved Faraday rotation
spectroscopy of spin dynamics in digital magnetic heterostructures,” IEEE J. Sel. Top. Quantum
Electron. 1, 1082 (Dec 1995).
[86] Y. Gu, I. L. Kuskovsky, M. van der Voort, G. F. Neumark, X. Zhou, and M. C. Tamargo,
“Zn−Se−Te multilayers with submonolayer quantities of Te:

Type-II quantum structures and

isoelectronic centers,” Phys. Rev. B 71, 045340 (Jan 2005).
[87] I.S. Hauksson, J. Suda, Y. Kawakami, Sz. Fujita, and Sg. Fujita, “The role of defects on
radiative transitions in nitrogen doped ZnSe,” J. Cryst Growth 159, 329 (Feb 1996).
[88] S. Ghosh, N. P. Stern, B. Maertz, D. D. Awschalom, G. Xiang, M. Zhu, and N. Samarth,
“Internal magnetic field in thin ZnSe epilayers,” Appl. Phys. Lett. 89, 242116 (2006).
[89] J.M. Kikkawa, I.P. Smorchkova, N. Samarth, and D.D. Awschalom, “Room-Temperature
Spin Memory in Two-Dimensional Electron Gases,” Science 277, 1284 (Aug 1997).
[90] K. Dhese, J. Goodwin, W.E. Hagston, J.E. Nicholls, J.J. Davies, B. Cockayne, and P.J.
Wright, “Interpretation of the temperature-dependent behaviour of the emission from isoelectronic
tellurium centers in epitaxial ZnSe1-xTex,” Semicond. Sci. Technol. 7, 1210(1992).
[91] M. Z. Maialle, E. A. de Andrada e Silva, and L. J. Sham, “Exciton spin dynamics in quantum
wells,” Phys. Rev B 47, 15776 (June 1993).
[92] Z. Zheng, H. Ji, P. Yu, and Z. Wang, “Recent Progress Towards Quantum Dot Solar Cells
with Enhanced Optical Absorption,” Nano. Res. Lett.11(1) (2016).
[93] Y. Okada, N. J. Ekins-Daukes, T. Kita, R. Tamaki, M. Yoshida, A. Pusch, O. Hess, C. C.
Phillips, D. J. Farrell, K. Yoshida, N. Ahsan, Y. Shoji, T. Sogabe, and J.F. Guillemoles,
“Intermediate band solar cells: Recent progress and future directions,” App. Phys. Rev. 2, 021302
(2015).
113

[94] B. Bonef, B. Haas, J.L. Rouviere, R. Andre, C. Bougerol, A. Grenier, Zuo, P.H. Jouneau, and
J.M. Zuo, “Interfacial chemistry in a ZnTe/CdSe superlattice studied by atom probe tomography
and transmission electron microscopy strain measurements,” Journal of Microscopy, 262(2),
(2016).
[95] E. M. Larramendi, O. de Melo, and I. Hernández-Calderón, “Cd desorption induced by Zn
exposure during atomic layer epitaxy of CdxZn1–xTe,” Phys. Stat. Sol. (b), 242(9), 1946–1950
(June 2005).
[96] S. M. Hubbard, C.G. Bailey, C.D. Cress, S. Polly, J. Clark, D.V. Forbes, D. M. Wilt, “Short
circuit current enhancement of GaAs solar cells using strain compensated InAs quantum dots,”
33rd IEEE Photovolatic Specialists Conference (2008).
[97] E. Larramendi, O. Melo, M. Hernández-Vélez, and M. Tamargo, “Adsorption, desorption,
and interdiffusion in atomic layer epitaxy of CdTe and CdZnTe,” Journal of Applied Physics. 96.
7164-7167 (2004).
[98] F. Hatami, M. Grundmann, N. N. Ledentsov, F. Heinrichsdorff, R. Heitz, J. Böhrer, and Z. I.
Alferov, “Carrier dynamics in type-II GaSb/GaAs quantum dots,” Physical Review B, 57(8),
4635–4641, (1998).
[99] R. Oshima, A. Takata, and Y. Okada,“Strain-compensated InAs/GaNAs quantum dots for use
in high-efficiency solar cells,” Appl. Phys. Lett. 93, 083111 (2008).
[100] V. Popescu, G. Bester, M.C. Hanna, A.G. Norman, A. Zunger, “Theoretical and
Experimental

Examination

of

the

Intermediate-Band

Concept

for

Strain-Balanced

(In,Ga)As/Ga(As,P) Quantum Dot Solar Cells,” Physical Review B 78 20532 (2008).
[101] A. Takata, R. Oshima, Y. Shoji, K. Akahane, Y. Okada, “Fabrication of 100 layer-stacked
InAs/GaNAs strain-compensated quantum dots on GaAs (001) for application to intermediate band
solar cell,” 35th IEEE Photovoltaic Specialists Conference (2010).
114

[102] Sablon, K. A. et al. “Effects of AlGaAs energy barriers on InAs/GaAs quantum dot solar
cells,” J. Appl. Phys. 108, 074305 (2010).
[103] S. Dhomkar, “Growth and Characterization of Type-II Submonolayer ZnCdTe/ZnCdSe
Quantum Dot Superlattices for Efficient Intermediate Band Solar Cells,” Graduate Center, City
University of New York (2015).
[104] Y. Horikoshi, “Migration-enhanced epitaxy of GaAs and AlGaAs," Semicond. Sci. Technol.,
vol.8,pp.1032{1051,(1993).
[105] N.K. Cho, S.P. Ryu, J.D. Song, W.J. Choi, J.I. Lee, and H. Jeon, “Comparison of structural
and optical properties of InAs quantum dots grown by migration-enhanced molecular-beam
epitaxy and conventional molecular-beam epitaxy," Appl. Phys. Lett., vol. 88, p. 133104, (2006).
[106] A. Bosacchi, P. Frigeri, S. Franchi, P. Allegri, and V. Avanzini, “InAs/GaAs self-assembled
quantum dots grown by ALMBE and MBE,” J. Cryst. Growth, vol. 175-176, pp. 771{776, (1997).
[107] A. Sweiti, F. Medina, L. Martinez, A. Lopez-Rivera, “Photoluminescence spectroscopy and
effective concentration determination of CdxZn1−xSe,” Semiconductor Science and Technology,
23(3) 035019 (2008).
[108] U. Manna, Q. Zhang, S. Dhomkar, I.F. Salakhutdinov, M.C. Tamargo, I.C. Noyan, G.F.
Neumark, and I.L. Kuskovsky, “Radiative transitions in stacked type-II ZnMgTe quantum dots
embedded in ZnSe,” Journal of Applied Physics 112, 063521 (2012).
[109] F. Hatami, M. Grundmann, N.N. Ledentsov, F. Heinrichsdorff, R. Heitz, J. Böhrer, Z.I.
Alferov, “Carrier dynamics in type-II GaSb/GaAs quantum dots,” Physical Review B, 57(8) 4635–
4641 (1998).
[110] M.C. Tamargo, “II-VI Semiconductor Materials and their Applications (Optoelectronic
Properties of Semiconductors and Superlattices),” 1st Edition, CRC Press, (1997).
115

[111] M. Ściesiek, J. Suffczyński, W. Pacuski, M. Parlińska-Wojtan, T. Smoleński, P. Kossacki,
A. Golnik, “Effect of electron-hole separation on optical properties of individual Cd(Se,Te)
quantum dots,” Physical Review B 93, (2016) 195313.
[112] S.L. Chuang, “Physics of Photonic Devices”, 2nd ed. Hoboken: Wiley 132–142 (2012).
[113] I.V. Ponomarev, L.I. Deych, V.A. Shuvayev, A.A. Lisyansky, “Self-consistent approach for
calculations of exciton binding energy in quantum wells,” Physica E 25 539 (2005).
[114] Y.H. Li, X.G. Gong, S.H. Wei, “Ab initio all-electron calculation of absolute volume
deformation potentials of IV-IV, III-V, and II-VI semiconductors: The chemical trends,” Physical
Review B 73 245206 (2006).
[115] C.G. Van de Walle, “Band lineups and deformation potentials in the model-solid theory,”
Physical Review B 39 1871 (1989).
[116] E. Cánovas, A. Martí, N. López, E. Antolín, P.G. Linares, C.D. Farmer, C.R. Stanley, A.
Luque, “Application of the photoreflectance technique to the characterization of quantum dot
intermediate band materials for solar cells,” Thin Solid Films Volume 516, Issue 20, (Aug 2008).
[117] S. Boyer-Richard, C. Robert, L. Gérard, J.P. Richters, R. André, J. Bleuse, H. Mariette, J.
Even, and J. Jancu, “Atomistic simulations of the optical absorption of type II CdSe/ZnTe
superlattices,” Nanoscale research letters. 7. 543. (2012).
[118] R. Moug, A. Alfaro-Martinez, L. Peng, T. Garcia, V. Deligiannakis, A. Shen, M. C. Tamargo,
“Selective etching of InGaAs/InP substrates from II-VI multilayer heterostructures,” Physica
status solidi (c). 9. 1728. (2012).
[119] F. Semendy, N. Bambha M. C. Tamargo, A. Cavus, L. Zeng, and N. Dai,
“Etch Pit Studies of II-VI-Wide Bandgap Semiconductor Materials ZnSe, ZnCdSe, and
ZnCdMgSe Grown on InP,” ARL-TR-2013 (Oct 1999)
116

